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Lead service lines and fittings were installed in Canada's drinking water networks until 1986 and 
currently pose severe health risks. As pipes corrode over decades of use, lead is released into 
drinking water resulting in dangerous exposure to elevated lead levels. Sodium silicates can be 
used for corrosion control of lead, however a basic understanding of how they work is lacking. 
This thesis describes the results of experiments conducted to determine how silicates interact 
with lead and aluminum in drinking water, using microscopic and spectroscopic techniques. The 
results show the presence of silicates inhibited Pb2+ carbonates from oxidizing into less soluble 
Pb4+ oxides. Furthermore, aluminum interacts with silicates resulting in allophane formation on 
the lead surface and extending into the bulk. Allophane did not protect against lead dissolution. 
Silicates may not be adequate as a corrosion control option in drinking water systems rich in 
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Summary for Lay Audience 
Exposure to lead from drinking water can pose serious health concerns. Lead was used for 
drinking water service lines and fittings in Canada until 1986; the majority are still in place today 
and have corroded over time with use. Health Canada has set the maximum allowable 
concentration for lead in drinking water at 5 ppb, as research has shown exposure to even very 
small amounts of lead can have dire consequences for infant and child development. Corrosion 
control strategies are needed to reduce human exposure and provide safe drinking water to 
Canadians. Current methods of corrosion control for lead include pH adjustment and 
orthophosphate treatment. Lower lead release rates are observed at more basic pH values, 
resulting in lower dissolved lead concentrations. When water is treated with orthophosphate, a 
lead-phosphate layer is formed on the pipe wall that prevents lead dissolution. Unfortunately, 
both methods of corrosion control include drawbacks such as build up of calcium along the pipe 
wall and increased environmental risk.  
Sodium silicate treatment is a third method of corrosion control for lead. Many studies have 
investigated the effectiveness of silicate treatment; however, few have focused on determining 
how it works. This thesis examines how silicates interact with lead compounds and the effects on 
dissolved lead levels. We found that in the presence of lead carbonate in chlorinated drinking 
water silicates stopped lead from oxidizing to insoluble lead oxides, resulting in higher dissolved 
lead levels. We also investigated the role of aluminum, as aluminum is often found in drinking 
water due to use of alum in the water treatment process. We found that in the presence of 
aluminum, silicates will precipitate out of water and form an aluminosilicate layer. In the short 
term, this layer does not protect against lead dissolution or result in lower dissolved lead levels. 
As a result of findings from this research, we do not suggest implementing sodium silicates as a 
corrosion control option for lead in lead carbonate-rich systems. Future long-term studies on 
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1 Background Information  
1.1 Lead in Drinking Water 
Health concerns linked to lead poisoning in adults and children in 1986 resulted in the ban of 
lead use in paints, gasoline, drinking water service lines and connections including solder and 
brass (HealthCanada, 2017; Kitman, 2000; O’Connor et al., 2018). The US Centers for Disease 
Control and Prevention (CDC) report that lead is adsorbed and stored in bone, blood and tissue 
in the body. Short term health effects of lead exposure in adults and children include abdominal 
pain, tiredness, headaches, memory loss and weakness. Long term chronic exposure can cause 
kidney and brain damage, depression, reduced fertility, high blood pressure, heart and kidney 
disease and is likely carcinogenic (CDC, 2018).  High blood lead levels have been shown to 
increase blood pressure and renal dysfunction in adults. Further severe effects of high blood lead 
levels in children include reduced cognition, neurological development issues, behavioral 
problems and reduced intelligence quotient (Hanna-Attisha et al., 2016; HealthCanada, 2017).  
The CDC reports that there is no safe level of lead exposure (CDC, 2018). Countries and 
provinces have implemented guidelines and restrictions on the acceptable level for lead 
measured from the tap. In Canada, the maximum allowable concentration (MAC) for lead in tap 
water is 5 μg/L. Replacing lead service lines is not a simple solution. There are many boundaries 
to removing and replacing the lines including jurisdictional complexities, insufficient data 
regarding Canada’s inventory of lead service lines, and cost to both the homeowner and 
municipality (Sgro, 2017). Municipalities that have drinking water distribution networks with 
lead service lines must treat their water with a form of corrosion control in order to keep lead 
levels below the MAC. Commonly used forms of corrosion control include pH adjustment and. 
orthophosphate treatment. A proposed additional measure of corrosion control for lead is sodium 
silicate treatment.  
While many studies have been conducted to analyze the effectiveness of sodium silicate 
treatment for lead service lines or other metallic pipes at both bench and pilot scale, few have 
focused on explaining how silicates might inhibit lead corrosion and decrease dissolved lead 
levels at consistent pH (Kogo et al., 2017; Lintereur et al., 2010; Michael R. Schock et al., 2005). 
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Thus, improved knowledge on the mechanisms that control the interaction between lead 
corrosion scale and silicates is required to develop thorough corrosion control strategies to 
address elevated lead levels in drinking water networks. We have attempted to fill these 
knowledge gaps by studying the pure phase lead compounds commonly found in corrosion scale, 
cerussite, minium, and plattnerite, and their behaviour in chlorinated drinking water at consistent 
pH in the presence of sodium silicate and aluminum. We comprehensively analyzed the solid 
precipitate formed in these systems after exposure to silicate-dosed synthetic drinking water 
using UV-Vis, FTIR, and Raman spectroscopy as well as XRD, XPS and SEM-EDX to 
determine the mechanistic details describing the relationship between lead corrosion scale and 
the presence of sodium silicate in the aqueous phase. We found that sodium silicates inhibit the 
oxidation of Pb2+ to the less soluble Pb4+, resulting in elevated lead levels in systems with scale 
rich in Pb2+ carbonates. Furthermore, in the presence of aqueous aluminum resulted in the 
formation of the aluminosilicate allophane on the surface of the lead solid phase and extending 
into the bulk. This aluminosilicate did not prevent lead dissolution. 
1.2 Thesis Outline 
Chapter 1 presents background information and research objectives. 
Chapter 2 presents a literature review on methods of corrosion control, studies that have 
investigated the effects of silicate as a corrosion inhibitor and studies that have attempted to 
explain how silicates interact with lead.  
Chapter 3 presents the experimental design and experimental methodologies. 
Chapter 4 presents and discusses the experimental results relating to inhibition of lead oxidation 
in the presence of silicates, and role of aluminum in aqueous silicate precipitation. 





2 Literature Review 
2.1 Current Issues Associated with Lead in Drinking Water 
Historically, lead has been used extensively in piping networks, gasoline, paint, and for other 
industrial purposes due to its properties as a soft, malleable and inexpensive heavy metal. In the 
past, the primary sources of human lead exposure were gasoline fumes, chips and dust from lead-
based paints in the home and lead in soil from anthropogenic and geological sources (O’Connor 
et al., 2018). In 1986, lead was outlawed for use in paints, gasoline, and drinking water service 
lines in North America. Paints and gasoline were developed with new formulations and drinking 
water service lines were no longer installed using lead pipes. Drinking water delivered to 
buildings with lead service lines installed before 1986 currently presents a main source of human 
lead exposure  (HealthCanada, 2017; Kitman, 2000).  
The health effects that result from exposure to lead in drinking water are severe. In adults, these 
include headache, memory loss, reduced fertility, and heart and kidney disease (CDC, 2018). 
Infants and children exposed to lead can experience reduced cognition, neurological 
development issues, behavioral problems and reduced intelligence quotient (Government of 
Canada, 2013; Hanna-Attisha et al., 2016). In 1992 in Canada, the drinking water maximum 
allowable concentration (MAC) for lead was set to 10 ppb or 0.01 mg/L. In 2019, the MAC was 
halved to 5 ppb due to new research that showed the threshold below which lead cannot cause 
neurological development issues in infants and children cannot be identified (HealthCanada, 
2017). In the United States, the Environmental Protection Agency (USEPA) Safe Drinking 
Water Act Lead and Copper Rule (LCR) set a lead action level of 15 ppb or 0.15 mg/L in 1991, 
and more recently a maximum contaminant level goal of zero (USEPA, 2020).  
Washington D.C. and Flint, Michigan are the most notorious examples of major lead problems in 
drinking water networks. Washington’s lead in drinking water crisis was triggered by a switch in 
disinfectant from free chlorine to chloramines in November 2000. This resulted from an attempt 
to reduce the formation of disinfection by-products caused by the secondary disinfectant free 
chlorine (Edwards et al., 2009). However, chloramines altered water chemistry in such a way 
that lead was released from corrosion scales built up along the pipe wall (Lin and Valentine, 
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2008). In April 2014, the city of Flint switched their drinking water supply from Lake Huron to 
the Flint River as a temporary cost-saving measure until a new pipeline could be installed in 
2016 (Hanna-Attisha et al., 2016). The water quality of the Flint River is significantly more 
corrosive than that of Lake Huron, and the City of Flint did not add any corrosion inhibitors to 
the water. As a result, the city experienced fast leaching of lead into their water, exposing 
residents to dangerous lead levels and causing potentially irreversible health problems (Hanna-
Attisha et al., 2016).  
Lead exposure from lead service lines is not just a problem in the United States; elevated lead 
levels in drinking water have been documented across Europe and Canada and are a potential 
public health threat in any community with lead service lines. In November 2019, the major 
Canadian newspaper the Toronto Star put out an exposé on lead levels across the country, 
discussing the extent of Canada’s lead problem with data showing high lead levels in tap water in 
every Canadian province. Unfortunately, installation of lead service lines was not well 
documented; most water authorities do not know where and how many are in their water network 
(Hanna-Attisha et al., 2016; HealthCanada, 2017; Kim et al., 2011; Van Der Leer et al., 2002). 
Many water utilities have plans to eventually replace lead service lines, however the process is 
costly and expenses are split between homeowner and municipality. Further complicating the 
matter is the completion of partial lead service line replacements, when the municipality replaces 
only their portion of the line, resulting in the creation of a galvanic couple that can cause 
increased lead release (Zhou et al., 2015). Corrosion control of lead service lines is critical to 
ensure safe drinking water until full replacement of all pipes is completed. 
2.2 Dissolution of Lead Corrosion Scale 
Over time, lead corrosion scale forms on lead service lines through reactions of metallic lead 
with aqueous species, in turn dependent on water quality. Dissolution of this corrosion scale 
occurs via reactions that involve electron (redox processes) and/or proton transfer (acid/base 
process). Leaching of particulate lead can also occur due to changes in water usage patterns or 
simple mechanical shock to the pipe  (LaRose Thompson et al., 1997). The chemical stability of 
lead corrosion scale is determined by drinking water quality. Most commonly, lead corrosion 
scale consists of hydrocerussite (Pb(CO3)2(OH)2), cerussite (PbCO3) or lead (II) and (IV) oxides 
(PbO2, PbO and Pb3O4) (Guo and Herrera, 2018).  
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Water quality parameters such as pH, alkalinity, oxidation-reduction potential (ORP), and 
hardness affect the formation and speciation of lead corrosion scale, which further affects how 
and how much lead dissolves into drinking water. In general, alkalinity and pH have the highest 
influence on the formation of lead carbonates (hydrocerussite and cerussite) and aluminosilicates 
on the inner layers of scale. On the other hand, free chlorine seems to have the highest influence 
on the formation of PbO2 and hydrocerussite in the outermost scale layers (Guo and Herrera, 
2018; Kim and Herrera, 2010). These results direct the type of corrosion control method that is 
most useful for a given water quality. A potential mechanism for the dissolution of lead from 
lead service lines containing a lead carbonate rich corrosion scale is shown in Equation 1 (Kim 
and Herrera, 2010). Figure 1 shows the Pourbaix diagram for a lead carbonate system, where it 
can be seen that lead oxides and carbonates are stable under drinking water conditions (pH range 










Figure 1: Pourbaix diagram for lead carbonate system – adapted from (Michael R Schock et al., 2005) 
In some cases, corrosion scale contains mainly lead oxides and the solid phase is rich in PbO2. 
Pb4+ is a strong oxidant that forms in systems exposed to water with a high ORP, regulated 
mainly by free chlorine. The presence of other reductants found in drinking water such as natural 
organic matter, manganese ions, and iron ions decrease ORP, potentially triggering the 
dissolution of PbO2. As shown by the red circle in Figure 1, even the reductive dissolution of 
PbO2 under drinking water conditions is thermodynamically favorable. This process is, however, 
kinetically controlled and under well-mixed conditions, the dissolution of PbO2 seems to be 
controlled by surface reactions rather than mass transport processes (Wang et al., 2013). 
Disinfectants, dissolved inorganic carbon (DIC), and pH are important parameters for controlling 
lead release (Xie and Giammar, 2011). The most used secondary disinfectants in drinking water 
distribution systems are free chlorine and chloramines. Free chlorine can oxidize Pb(II) to Pb(IV) 
oxides, however chloramines do not have a high enough ORP to maintain lead in the +4 
oxidation state (Switzer et al., 2006). Thus, in water systems with a history of elevated free 
chlorine usage, PbO2 is the dominant form of lead in the outer layers of corrosion scale (Xie and 
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Giammar, 2011). Some distribution systems have historically used free chlorine as a disinfectant, 
then switched to chloramines to reduce the formation of toxic disinfection by-products such as 
trihalomethanes. In systems that have experienced this switch, the dissolution of PbO2 occurs 
more quickly due to the lower water ORP when monochloramine is used instead of free chlorine, 
thus resulting in elevated lead release to municipal drinking water (Edwards et al., 2009; Xie and 
Giammar, 2011).  
Although the redox dissolution process involving aqueous and solid lead species is quite 
complex, minium (Pb3O4) has been identified as an intermediate solid phase formed during the 
oxidation of Pb(II) to Pb(IV) (Guo et al., 2016; Kim and Herrera, 2010). Minium can potentially 
affect dissolved lead levels in drinking water; reactions from Pb(II) to Pb(IV) affect the stability 
of corrosion scale and it is well known that free chlorine will oxidize Pb(II) phases to the Pb(IV) 
phase PbO2 (Edwards and Dudi, 2004; Lytle and Schock, 2005). Solid phase analysis has been 
used to determine Pb3O4 may dissolve through a dissolution mechanism that involves continuous 
formation of PbO2 with co-precipitation of lead carbonates. When a continuous source of free 
chlorine is present, the final products in the dissolution are PbO2 and lead carbonates (Guo et al., 
2016).  
2.3  Methods for Lead Corrosion Control in Drinking Water Networks 
 pH Adjustment 
Lead release rates are lower at higher pH, increasing pH from neutral to basic values in the range 
of 8 to 9 has been widely applied to control lead release (Kim et al., 2011; Noel et al., 2014; Xie 
and Giammar, 2011). Multiple studies and pipe loop experiments have shown increasing pH 
reduced lead release from lead pipe corrosion scale (Kim et al., 2011; Xie and Giammar, 2011). 
However, pH adjustment is only effective if the dominant lead phase in the corrosion scale is a 
lead carbonate rather than a lead oxide, and is dependent on water quality parameters such as 
alkalinity (Guo and Herrera, 2018; Tam and Elefsiniotis, 2009). 
At pH values between 7.0 and 7.5, increased alkalinity results in a substantial increase in lead 
release. In fact, a fivefold increase in alkalinity leads to three- to fivefold increase in lead 
concentrations (Tam and Elefsiniotis, 2009). However, as inferred from Figure 1, lead 
dissolution thermodynamically lessens as pH increases to the point of almost being eliminated by 
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pH 9. At neutral pH, an increase in alkalinity promotes lead dissolution. At basic pH values, the 
effect of alkalinity on lead leaching is negligible (Tam and Elefsiniotis, 2009). 
Characterization performed on lead pipes delivering drinking water that experienced a pH 
decrease from 8.0 to 7.0 shows destabilization of corrosion scale at lower pH values. The main 
lead phase in the system was hydrocerussite, with cerussite, minium and aluminosilicate present 
as secondary components. In batch dissolution experiments, the solubility of lead scale was 
highest at pH 6 and decreased as pH increased to 8. Furthermore, dissolved lead concentrations 
were two orders of magnitude greater at pH 6 compared to higher pH values, suggesting that the 
dissolution of corrosion products is fast and strongly affected by solution pH (Kim et al., 2011; 
Kim and Herrera, 2010). The dissolution of corrosion scale was slower as pH increased from 6 to 
9. Therefore, the reduced lead concentration at higher pH values is assumed to be due to both the 
lower solubility and slower dissolution of lead at elevated pH values. 
 Orthophosphate Treatment 
Orthophosphate is a commonly used corrosion inhibitor for lead systems. It limits lead release by 
forming low solubility Pb(II) phosphate solids such as hydroxypyromorphite and 
chloropyromorphite that form films on the corrosion scale depending on pH, DIC and 
temperature (Guo and Herrera, 2018; Lytle et al., 2009; Noel et al., 2014; Michael R. Schock et 
al., 2005; Schock, 1989). Orthophosphate may also adsorb to surfaces of lead corrosion products 
and inhibit their dissolution without forming new solid phases (Noel et al., 2014; Xie, 2010). 
However, orthophosphate functions best as a corrosion inhibitor for lead systems only within a 
specific range of pH and DIC (Guo and Herrera, 2018). For low DIC environments, less than 1 
mg C/L, the optimum pH for orthophosphate film formation is 8.0. As DIC concentration 
increases and orthophosphate concentration increases, the optimum pH decreases to 7.0 (Schock, 
1989). Orthophosphate is especially effective at pH values greater than 7.5 where up to 70% 
reduction in lead release is achievable (Tam and Elefsiniotis, 2009).  
Orthophosphate inhibits the formation of Pb(IV) in chlorinated waters. In the absence of 
orthophosphate, cerussite and hydrocerussite, with lead in the +2 oxidation state, transform over 
time to form Pb(IV) oxides and a rapid change in colour of lead precipitate from white to orange-
red occurs. Under the same environmental conditions but with orthophosphate, the formation of 
Pb(IV) oxides is inhibited and the precipitate stays white (Lytle et al., 2009). This colour change 
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indicates lead particle transformations occur between hydrocerussite and Pb3O4 in the absence of 
orthophosphate. With orthophosphate, the dominant lead phase remains white, which is the 
colour of hydrocerussite (Lytle et al., 2009). However, the presence of the protective layer of 
lead-phosphate compound(s) inhibits lead dissolution when it is in the more soluble +2 state 
(Schock and Celement, 1998). 
Ng et al. attempted to determine the mechanistic role of orthophosphate as a corrosion inhibitor 
in controlling lead release from PbO2 in chlorinated systems experiencing a disinfectant change 
from free chlorine to monochloramine (Ng et al., 2012). Thermodynamically, lead solids should 
be transformed to chloropyromorphite via a dissolution-reprecipitation mechanism if there is 
adequate orthophosphate and chloride concentration. It is well-known that free chlorine reduces 
Pb(II) ions to form PbO2, however in the presence of orthophosphate, PbO2 formation is 
inhibited and other lead phosphate compounds such as hydroxypyromorphite and secondary lead 
phosphate are formed (Ng et al., 2012). These lead phosphate minerals are less 
thermodynamically stable than chloropyromorphite; in the presence of chlorine, they should 
transform to the more stable phase. The precipitation of chloropyromorphite occurs below pH 7, 
whereas precipitation of hydroxypyromorphite occurs below pH 8. Ng and collaborators found 
that soluble Pb(II) release remained under the USEPA LCR action level of 15 ppb when 
orthophosphate was added and pH was above 8, due to the slow decomposition of 
monochloramine throughout the length of their experiment. At lower pH values when 
orthophosphate was added, they observed a spike in soluble lead followed by a slow decrease 
back down below the action level (Ng et al., 2012). The authors also used SEM-EDX and XRD 
to characterize the solid compounds present and the elemental composition changes of lead solid 
phases. Through this analysis, they were able to determine that the most likely phases to form 
under drinking water conditions in chloraminated water with orthophosphate are 
hydroxypyromorphite and secondary lead phosphate. If chloride exists, then chloropyromorphite 
will form rather than hydroxypyromorphite. They also found an indication of orthophosphate ion 
adsorption on the PbO2 surface; adsorption of orthophosphate on PbO2 may provide some degree 
of protection against reductive dissolution by preventing direct contact with reducing agents (Ng 
et al., 2012). They did not provide any possible reactions or reaction mechanisms for the 
conversion of PbO2 to hydroxypyromorphite or chloropyromorphite. 
10 
 
There are environmental concerns with adding more phosphates to our water systems. 
Eutrophication is one of the largest global pollution problems (Gilbert et al., 2005).  The main 
driver of cultural eutrophication, that is eutrophication induced by the actions of humans, is 
increased nutrient loading to lakes and rivers. Rising fertilizer use for agriculture and food 
production, discharge of animal waste, atmospheric and aquatic industry emissions, and 
municipal wastewater, sewage and septic systems all contribute large volumes of phosphorus to 
environmental water networks (Steffen et al., 2014). Reducing the addition of phosphates to 
municipal drinking water treatment can help limit challenges for wastewater treatment plants and 
the effect of increased phosphorus loading on toxic algae blooms. Furthermore, increased 
phosphorus load in the DWDS could impact bacterial regrowth and biofilm formation 
(Aghasadeghi et al., 2021).  
 Sodium Silicate Treatment 
Sodium silicate is another alternative water additive that can be used for lead corrosion control in 
drinking water systems and has demonstrated effectiveness in both pilot and full scale studies 
(Lintereur et al., 2010; Michael R. Schock et al., 2005; Zhou et al., 2015). Sodium silicate 
solutions consist of mono- and polymeric silicate species and are attractive for use as corrosion 
inhibitors due to their low toxicity and environmental impact. Their respective concentrations 
depend on the silicate content and SiO2/Na2O ratio, typically 3.22 for water treatment 
applications (LaRose Thompson et al., 1997). Furthermore, for very dilute solutions such as 
drinking water where silicate levels are 4-25 ppm as SiO2, depolymerization occurs and the 
sodium silicate monomer is the dominant species (LaRose Thompson et al., 1997; Lehrman and 
Shuldener, 1952). The silicate film-forming mechanism is hypothesized to be adsorption of silica 
to existing oxide or hydroxide films on a metal surface. Initially, high doses of silicates in the 
range of 20-40 mg/L as SiO2 are required. Once the film is formed and sites are saturated, the 
dosage of silicate can be dropped significantly lower to maintenance doses in the range of 5-15 
mg/L as SiO2 (Scheetz et al., 1997).  
In 1990, a town in Massachusetts investigated well-water treatment by sodium silicates for a 
municipality with lead service lines and found that a silicate treatment of 25-30 mg/L as SiO2 
elevated the pH from 6.3 to 7.1 and reduced lead concentrations by 55%. An increased dose of 
45-55 mg/L as SiO2 further elevated the pH to 7.5 and reduced lead concentrations by 95%, 
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meeting LCR action levels (Michael R. Schock et al., 2005). However, these results are 
complicated in that pH increase is a well documented lead corrosion control mechanism 
therefore the observed decrease in lead levels from silicate dosing cannot be attributed solely to 
silicate treatment. 
In 1989, Schock and collaborators reported findings with soft, low alkalinity waters at pH 8.2 
and silicate dosages between 10 – 20 mg/L as SiO2. The experimental results indicated the slow 
formation of a surface silicate film over a period of eight to nine months. They reported no 
decrease in lead dissolution with a silicate dosage of 10 mg/L as SiO2, and experiments 
suggested that minimum dosage of 20 mg/L as SiO2 would be necessary to achieve a decrease in 
lead dissolution, along with a long induction period to form a protective film prior to any 
noticeable decrease in dissolved lead concentrations (Schock, 1989).  
In 2005, Schock et al. discussed possible mechanisms for silicates in corrosion control 
applications based on new research and results from the 1990 Massachusetts event. Claims made 
as early as 1945 report that a thin silicate coating may form and act as a protective barrier to lead 
diffusion, however there is no strong analytical evidence to support this claim (Michael R. 
Schock et al., 2005; Stericker, 1945, 1938). Sodium silicate undergoes basic hydrolysis, 
increasing water pH which is also beneficial for lead corrosion control (Michael R. Schock et al., 
2005). To carry a proper assessment of the effectiveness of silicate in lead corrosion control, a 
protocol for the systematic isolation of the pH effect from that of silicate addition needs to be 
developed. The scales from Massachusetts were found to contain chloropyromorphite, a 
compound originating from poly- or orthophosphate that had been previously used to treat this 
water system without success prior to silicate treatment in 1990. Through XRD and SEM 
analysis of the scales, Schock et. al showed that chloropyromorphite was not protective and did 
not inhibit lead release (Michael R. Schock et al., 2005). When the Massachusetts water was 
treated with phosphates, they first used an average polyphosphate dose of 3.4 mg/L PO4 at pH 
6.1. They treated the water with orthophosphate, with an average dose of 1.2 mg/L PO4 at pH 
6.1, and reported elevated lead levels resulting from suspected sequestration of polyphosphate 
and ineffectiveness of orthophosphate at low pH (Michael R. Schock et al., 2005). When the 
system was treated with 25-30mg/L as SiO2, they observed a significant increase in pH alongside 
a large decrease in lead levels to below the LCR action level as evidenced by the graphs shown 
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in Figure 2 and Figure 3. The data appears consistent with the slow formation of protective 
silicate films, the hypothesized mechanism of corrosion control with silicates. After continuous 
monitoring from 1992 to 2000, the data showed a 97% decrease in lead levels from 0.077 mg/L 
to 0.002 mg/L (Michael R. Schock et al., 2005). However, they did not determine any 
mechanisms or models that explain how silicates may function as corrosion inhibitors. 
 
Figure 2: pH Increase with Silicate Treatment (Michael R. Schock et al., 2005) (Copyright License No. 
5032681321514) 
 




Linterer et al.’s 2010 study conducted pilot scale research on silicate doses ranging from 3 to 12 
mg/L as SiO2 on lead release. They used samples from a system of copper loops within a pre-
existing drinking water distribution system and 50/50 lead-tin coupons. They looked at effects of 
groundwater, surface water and desalinated water on total and dissolved lead release while also 
monitoring silicate dose, temperature, alkalinity, chlorides and pH (Lintereur et al., 2010). This 
study probed the hypothesis of a silica layer forming over lead corrosion scale through an 
adsorption mechanism, with the film supporting a diffusion barrier that slows the rate at which 
equilibrium of the system is attained (Lintereur et al., 2010). They were originally planning to 
dose at 10, 20 and 40 mg/L as SiO2 however dropped the doses during the fourth week of the 
experiment to 3, 6 and 12 mg/L as SiO2 to prevent precipitation of calcium carbonate that would 
impede operations. Dissolved lead represented about half of the total lead concentration in the 
system. Surface characterization of the lead coupons prior to the start of the experiment 
confirmed the presence of PbO, Pb(OH)2, PbCO3, and Pb3(CO3)2(OH)2 in the scale with 
hydrocerussite being the dominant phase; these were included to develop an equilibrium model. 
Equation 2 represents possible reactions with Pb(II) silicate solids, however they were unable to 
determine any indication that these solids formed, nor thermodynamic evidence that these 
reactions did occur within the system (Lintereur et al., 2010). 
𝑃𝑏𝑆𝑖𝑂 ( ) + 𝐻 𝑂 + 2𝐻 ↔ 𝑃𝑏 + 𝑆𝑖(𝑂𝐻)  
𝑃𝑏 𝑆𝑖𝑂 ( ) + 4𝐻 ↔ 2𝑃𝑏 + 𝑆𝑖(𝑂𝐻)  
 
Equation 2 
Zhou et al. conducted experiments in 2015 on galvanic connections for partial lead service line 
replacement scenarios to evaluate the impact of various water quality parameters on silicate 
corrosion control effectiveness. They expected sodium silicates to function as a corrosion 
inhibitor through one or a combination of two mechanisms: increasing pH of water and 
decreasing lead release, or formation of insoluble scale (Zhou et al., 2015). The authors 
evaluated the impact of alkalinity, nitrate, NOM, and disinfectant type on galvanic current and 
total and dissolved lead release from 24 mg/L as SiO2 sodium-silicate treated partial lead service 
lines. They found that galvanic current, alkalinity, NOM and disinfectant type had significant 
positive effects. For both total and dissolved lead, NOM and disinfectant type were significant 
(Zhou et al., 2015). Differently from previously reported studies, they found that alkalinity had 
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no effect on lead release in sodium silicate treated water. They presume this is due to the possible 
benefit of alkalinity promoting a stable pH at the lead surface, outweighing the effect of 
increased water conductivity and galvanic current. Furthermore, most lead released was in the 
form of particulate lead rather than dissolved lead. Similar to previously reported studies, the use 
of monochloramine as a disinfectant resulted in increased total and dissolved lead release 
(Switzer et al., 2006; Woszczynski, 2011; Xie et al., 2010a; Zhou et al., 2015). The presence of 
NOM also hindered the effectiveness of sodium silicate. Zhou suggested that for sodium silicate 
to be an effective corrosion control option for municipal drinking water treatment, chlorine 
should be used as a secondary disinfectant and minimizing NOM in the water should be 
prioritized (Zhou et al., 2015). The authors did not present any mechanisms or models by which 
sodium silicate may function as a corrosion inhibitor for lead. 
Li et al. conducted a study investigating the effects of sodium silicates at consistent pH in 
comparison to orthophosphate and zinc orthophosphate. They used new lead pipes conditioned 
with 12 mg/L SiO2 for 44 weeks, then 24 mg/L as SiO2 for 28 weeks and 48 mg/L as SiO2 for 12 
weeks. The orthophosphate and zinc orthophosphate treated lead pipes were run at 1 mg/L PO43- 
for the entire length of the experiment (Li et al., 2021). Consistent neutral pH levels were 
maintained through the experiment. Compared to orthophosphate, the authors determined sodium 
silicate treatment was not an effective corrosion control strategy for their system, however, it 
should be noted that regardless of treatment method their dissolved lead levels were well above 
the Canadian MAC of 5 μg/L as well as the USEPA LCR of 15 μg/L. The authors hypothesize 
the formation of a nanometer thick silicate coating in the silicate-treated system through 
identification of lead carbonate as the dominant scale phase by XRD analysis, weak Pb 4f, C 1s, 
and strong Si 2p signal in XPS analysis however they found no evidence that the coating 
inhibited lead release when comparing levels to those achieved with orthophosphate treatment 
(Li et al., 2021). They did not observe evidence of layer formation with SEM, but did see 
increased silicon content in the scale with EDS. They suggest future work should focus on 
silicate-based barriers that might form due to interaction with other species such as 
aluminosilicate, quartz or other silicate minerals (Li et al., 2021) 
Mishrra et al. recently conducted work studying the effects of silicates at consistent pH on 
corrosion control of lead service lines. The corrosion scales in the lead service lines consisted of 
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hydrocerussite, PbO and SiO2 as well as oxides of silicon and aluminum (Mishrra et al., 2021).  
They observed a decrease in equilibrium dissolved lead concentrations in the pipes treated with 
16 and 20 mg/L sodium silicates at pH 7.7, as well as in the pipes with water at pH 8.8 whether 
or not silicates were present, however the lead release rates did not change with the addition of 
sodium silicates. The experimental evidence for silica uptake by the scale relied almost entirely 
on analysis of the silicate content in the aqueous phase; SiO2 concentrations decreased by 7.5 
mg/L during the first week of treatment and by 1.5 – 3 mg/L in subsequent weeks with the pipes 
that took up more silica experiencing greater decreases in dissolved lead concentrations. 
Analysis of the scale from the treated pipes by SEM-EDS showed only a marginal increase in wt. 
% silicon (0.7-1.5%) originally present on the scale before treatment (Mishrra et al., 2021). 
Based on this result, the authors hypothesized uniform uptake of silica throughout the upper 
portion of the scale as they were unable to identify a discrete silicon rich layer. Furthermore, 
their XRD and SEM-EDS analysis did not show any silicate solids formed on the pipe scales. 
The authors hypothesized that in the presence of silicates the system is forming Si- and Al- 
containing precipitates that are either adsorbing or depositing as an undetectable amorphous solid 
phase. They also proposed that silicate uptake is a function of the amount of aluminum-rich scale 
deposited on the surface of the pipes (Mishrra et al., 2021).  
The mechanism of lead corrosion control by silicates remains unknown, however, some studies 
have shown adsorption mechanisms for silicates as corrosion control on other metals. For 
instance, Yuan et al. used sodium silicates to improve the resistance of hot-dip galvanized 
(HDG) steels and preventing zinc dissolution. After treating the HDG with silicates and drying 
the sample, analysis by SEM, XPS, XRD and RA-IR showed a silicon-bearing layer on the HDG 
metal surface consisting of zinc oxides, zinc silicate and SiO2 (Yuan et al., 2010). A case study 
conducted in Vancouver, Canada in 1995 looked into using silicates for corrosion control for 
carbon steel pipes in acidic waters. The work hypothesized that corrosion is inhibited by the 
formation of a thin metal silicate barrier on top of and interlaced with a metal-hydroxide 
structure with the deposition of the film depending on the presence of small amounts of 
corrosion products on the metal surface. It was proposed that the negatively charged silicate ions 
are attracted to the positive, anodic metallic ions forming a protective film with XRD results 
confirming the hypothesis and showing a distinct layer adjacent to the water (Katsanis et al., 
1986; Macquarrie et al., 1997). Salasi et al. used silicates for corrosion control of carbon steel in 
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soft water at pH 8. They observed film formation on the metal surface at silicate concentration of 
30 ppm and conclude this is the result of a co-inhibitive layer formation between corrosion 
products. This conclusion also supports the theory regarding the effects of time on silicate 
inhibitive efficiency, and that silicates need the presence of surface oxidized species to anchor 
and act as a corrosion inhibitor (Salasi et al., 2007).  
2.4 Aluminosilicate Formation on Corrosion Scale 
The interaction of aqueous aluminum and silica has been studied for many decades. Researchers 
have theorized that the formation of an aluminosilicate layer in drinking water distribution 
system pipes may affect the role of corrosion inhibitors and resultant dissolved lead levels. 
Aluminum is commonly found in distribution systems as alum is a frequently used coagulant in 
drinking water treatment. Silica is naturally occurring and found in source water.  
Studies have identified aluminosilicates as a common phase in corrosion scale characterizations 
and many researchers have suggested they may have a protective effect on lead dissolution (Guo 
and Herrera, 2018; Kim and Herrera, 2010; Kvech and Edwards, 2001; Snoeyink et al., 2003). 
Guo and Herrera observed the outermost scale layer, the layer in contact with water, to be rich in 
aluminosilicates in their corrosion scale characterization work with four different municipalities 
in Canada (Guo and Herrera, 2018). Snoeyink et al. conducted a study with corrosion scale from 
10 municipalities in the United States and observed aluminum and silica as a major phase in all 
characterizations where alum was used as a coagulant in the DWDS, and smaller amounts in 
those municipalities that did not treat their water with alum. They acknowledge some of the 
aluminum is present as aluminum hydroxide, and some as aluminosilicate (Snoeyink et al., 
2003). 
Kvech et al. studied the role of aluminosilicate deposits in lead and copper corrosion using water 
from a system in which aluminosilicate deposits were suspected to be an active agent in 
corrosion protection. They found that there was no significant difference in lead release in the 
presence of aluminum with Al concentrations less than 0.01 mg/L. They noted Al sorbed to pipe 
walls was similar for both lead and copper, however the lead pipes sorbed significantly more 
silicon. They observed a slight increase in lead and copper release with the formation of 
aluminosilicate solids. They postulate this is due increased particulates in water causing 
increased lead release (Kvech and Edwards, 2001).  
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Li and collaborators studied the effect of aluminum on lead release to drinking water in the 
presence of the corrosion inhibitor orthophosphate. They found that aluminum accumulation on 
lead coupons was facilitated by corrosion products, but inhibited by phosphate addition when 
200 μg/L Al and 1 mg/L P were used. Dissolved lead levels did not change in the presence of 
aluminum when phosphate was absent, however, when aluminum was added to the phosphate 
system dissolved lead levels were 10 – 12 μg/L rather than 1 μg/L which was measured when 
aluminum was absent. They postulate the increased lead levels were due to the effect of 
aluminum on the composition and morphology of lead-phosphate compounds forming on coupon 
surfaces. The pH values used were 6.7, 7.7 and 8.5. Total Al decreased at pH 6.7 and 7.7, 
revealing Al was adsorbed to the lead surface, however, at pH 8.5 Al accumulation was 
negligible. They noted that Al was accumulating at an accelerating rate indicating that 
accumulation was enhanced by the previously formed solids on the coupon surface. No 
crystalline aluminum solids were visible by XRD – the solids formed were amorphous. 
Furthermore, no Al-containing solids were visible by SEM suggesting the layer that precipitated 
was too thin to be visible (Li et al., 2020).  They did not discuss the effects that silica might have 
on their system, nor any information regarding levels of aqueous silica in their system despite 
mentioning the prevalence of aluminosilicate solids in corrosion scale.  
2.5 Summary 
Lead corrosion control is critical to ensure delivery of safe drinking water to homes, schools and 
commercial establishments throughout the country. Among corrosion control methodologies, the 
addition of sodium silicate offers advantages including reduced ecological risk to receiving 
waters and no build up of calcium along the pipe wall. However, the deployment of a silicate-
based corrosion control strategy for drinking water systems requires a better understanding of the 
associated mechanism of corrosion control and the impacts other common water additives, such 
as aluminum, might have. This is particularly relevant, given the risks associated with potentially 





3 Experimental Methodologies 
This chapter presents the methodology and materials used for experimental work and data 
analysis including experimental set-ups, sampling tools and methods, and characterization 
specifications. Table 1 presents a summary of experiments. 
Table 1: Experimental Set-Up Summary 
Experiment Objective Batch Reactors 
Test One Impact of silicate on cerussite 
dissolution at pH 8 
1A, 1B 
Test Two Impact of aluminum and silicate on 
cerussite dissolution at pH 8 
2A, 2B, 2C, 2D 
Test Three Impact of aluminum and silicate on 
cerussite dissolution at pH 7 
3A, 3B, 3C, 3D 
Test Four Impact of aluminum and silicate on 
minimum dissolution 
4A, 4B, 4C, 4D 
Test Five Impact of solid/aqueous phase ratio on 
cerussite and plattnerite dissolution 
5A, 5B, 5C 
Test Six Impact of increasing aluminum on 
solid/aqueous phase ratio, and cerussite 
and plattnerite dissolution 
6A, 6B, 6C 
 
3.1 Evaluation of the effect of silicates and aluminum ions in solid phase lead 
dissolution under drinking water conditions 
 Materials 
Cerussite (PbCO3) (Sigma-Aldrich, ACS reagent grade), minium (Pb3O4) (Alfa Aesar, 97 % 
metals basis) and plattnerite (β-PbO2) (Sigma-Aldrich, >97.0 %, ACS reagent grade) were used 
as sources of lead. Sodium hypochlorite (NaOCl) (Sigma-Aldrich, 10-15 % available chlorine, 
reagent grade) was used as the source of free chlorine. Sodium sulfate (Na2SO4) (Sigma-Aldrich, 
>99.0 %, ACS reagent grade), sodium chloride (NaCl) (Sigma-Aldrich, >99.0 %, ACS reagent 
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grade), calcium hydroxide (CaOH) (Sigma-Aldrich, >95.0 %, ACS reagent grade), and sodium 
bicarbonate (NaHCO3) (Sigma-Aldrich, > 99.7%, ACS reagent grade) were used as sources of 
sulfate, chloride, hardness, and alkalinity, respectively, with megapure water (resistivity of 3 
MΩ) to prepare synthetic drinking water. Necessary pH adjustments were performed with nitric 
acid (HNO3) (Sigma-Aldrich, 70%, purified by redistillation, 99.999 % trace metals basis). 
Aluminum nitrate nonahydrate (Al(NO3)3●9H2O) was used as the source of aluminum (Sigma-
Aldrich, >98.0 %, ACS reagent grade). N-sodium silicate (National Silicates, Na:Si ratio 3.22) 
was used as the source of silicates. 
Synthetic drinking water was prepared according to the parameters in Table 2 using megapure 
water. Water was prepared based on the Grand Bend Water Treatment Plant water quality; this is 
the drinking water supplied to London, Ontario.   
Table 2: Synthetic Drinking Water Parameters 





Hardness 90 90 as CaCO3 Calcium hydroxide 
Alkalinity 60 60 as CaCO3 Sodium bicarbonate 
Chloride 8 8 Sodium chloride 
Sulfate 30 30 Sodium sulfate 
pH 8 7 – 8  Nitric acid 
Free 
chlorine 
1.2 1.2 – 1.8 as Cl2 Sodium hypochlorite 
  
 Experimental Methodology for Tests 1-4 
3.1.2.1 Test One – Aluminum-free experiments 
A mother solution of synthetic drinking water was prepared before each experiment. 500 mL was 
measured using a graduated cylinder and poured into 500 mL high density polyethylene (HDPE) 
bottles. Test One did not contain aluminum. Batch reactor A (1A) contained 1 g/L of cerussite in 
synthetic drinking water and batch reactor B (1B) contained 1 g/L cerussite and 20 mg/L silicate 
in synthetic drinking water. Conditions are summarized in Table 3. Sampling was completed as 
per the procedure in section 3.1.4. Twice per week 10 mL aliquots were taken, filtered through a 
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0.2 μm polyethersulfone (PES) filter and preserved in HDPE vials with 1 mL 70% nitric acid. 
All bottles were placed on a shaker (ThermoScientific MaxQ 2000) at 170 rpm for the 45-day 
experiment. Following completion of the experiment, vacuum filtration with a 0.45 μm 
membrane filter was used to separate the solid precipitate for further analysis described in 
section 3.2. Precipitate was rinsed twice with megapure water prior to drying at room 
temperature. This experiment was repeated twice to verify results. 







Cerussite (g/L) 1 1 
Silicate (mg/L as SiO2) 0 20 
Free chlorine (mg/L Cl2) 1.2 1.2 
pH 8 8 
Experiment length 45 days 45 days 
 
3.1.2.2 Test Two and Three – Aluminum present 
Test Two was designed to determine the combined effect of silicate and aluminum on cerussite. 
Batch reactor A (2A) contained cerussite, batch reactor B (2B) contained cerussite and 
aluminum, 2C contained cerussite and silicate and 2D contained cerussite, silicate and aluminum 
all in synthetic drinking water. 2A and 2C had the same experimental conditions as Test One. 
Conditions for Test Two are summarized in Table 4. The batch reactors were placed on the 
shaker at 170 rpm for 45 days and the sampling protocol described in section 3.1.4 was followed. 
10 mL aliquots were taken twice per week and preserved with nitric acid for future dissolved 
lead measurements. After 45 days, vacuum filtration with 0.45 μm membrane filter was 
completed; solid precipitate was then rinsed twice with megapure water and dried at room 
















Cerussite (g/L) 1 1 1 1 
Silicate (mg/L as 
SiO2) 
0 0 20 20 
Aluminum (mg/L) 0 2 0 2 
Free chlorine 
(mg/L Cl2) 
1.5 1.5 1.5 1.5 
pH 8 8 8 8 
Alkalinity (mg/L 
as CaCO3) 
60 60 60 60 
Experiment Length 45 days 45 days 45 days 45 days 
 
Test Three was created as an additional repeat of Test Two but at pH 7 to explore any effect of 
pH on the uptake of aqueous silicate onto the solid phase. As such, an identical procedure was 
followed to that described above. The buffering capacity of the water continually brought the pH 
up to 8 – 8.5; nitric acid was added twice per week to return the pH to the range of 7 – 7.5. 





















Cerussite (g/L) 1 1 1 1 
Silicate (mg/L as 
SiO2) 
0 0 20 20 
Aluminum 
(mg/L) 
0 2 0 2 
Free chlorine 
(mg/L Cl2) 
1.5 1.5 1.5 1.5 
pH 7 7 7 7 
Alkalinity (mg/L 
as CaCO3) 
60 60 60 60 
Experiment 
Length 
45 days 45 days 45 days 45 days 
 
3.1.2.3 Test Four 
Test Four was conducted to analyze any differences between lead oxides and lead carbonates 
treated with silicates. The experiment was conducted as per the protocol described above. Batch 
reactor 4A contained minium, 4B contained minium and aluminum, 4C contained minium and 
silicate and 4D contained minium, aluminum, and silicate all in synthetic drinking water. 
Conditions are summarized in Table 6. The same sampling protocol was followed as described 
above. Slightly higher residual chlorine levels were used with average values around 1.8 mg/L. 
The bottles were on the shaker at 170 rpm for 45 days before vacuum filtration and drying at 

















Minium (g/L) 1 1 1 1 
Silicate (mg/L as 
SiO2) 
0 0 20 20 
Aluminum (mg/L) 0 2 0 2 
Free chlorine (mg/L 
Cl2) 
1.5 1.5 1.5 1.5 
pH 8 8 8 8 
Alkalinity (mg/L as 
CaCO3) 
60 60 60 60 
Experiment Length 45 days 45 days 45 days 45 days 
 
 Experimental Methodology for Tests 5-7 
3.1.3.1 Test Five 
Test Five was conducted to determine the effect of increased available lead surface area on 
aqueous silica levels. Experimental conditions are described in Table 7. Batch reactor 5A 
contained 10 g of cerussite and 10 mg/L of silicate in synthetic drinking water at pH 8. Reactor 
5B contained 10 g of cerussite and 10 mg/L of silicate in synthetic drinking water at pH 7. 5C 
contained 10 g of plattnerite (β-PbO2) and 10 mg/L of silicate in synthetic drinking water at pH 
7. 10 mg/L free chlorine was dosed at the start of the experiment to keep the approximate ratio of 
chlorine to lead as in Tests One – Four. The bottles were placed on a magnetic stirrer for 10 days 
at mid level stir, then taken off the stirrer for the remainder of the experiment. pH was monitored 
consistently and adjusted with nitric acid as necessary. Additional chlorine was added when 













Cerussite (g/L) 10 10 0 
Plattnerite (g/L) 0 0 10 
Silicate (mg/L as SiO2) 10 10 10 
Aluminum (mg/L) 0 0 0 
Free chlorine (mg/L Cl2) 10 10 10 
pH 8 7 8 
Alkalinity (mg/L as 
CaCO3) 
60 60 60 
Experiment Length 100 days 60 days 100 days 
Calculations were performed to determine how the aqueous silica concentration would decrease 
should a monolayer coverage be achieved on the lead surface. The BET surface area of cerussite 
was measured to be 1.9393 +/- 0.0150 m2/g using a Micromeritics ASAP 2010 after degassing 
the sample at 200 °C for two hours. The atomic distance (double layer thickness) of Si – Si in 
SiO2 has been shown to be 3.02 Å (Kimmel et al., 2009). Using the parameters from Test Five 
with 10 g/L cerussite and 10 mg/L as SiO2 the following calculations were performed to 
determine monolayer coverage of SiO2 and resulting change in aqueous phase concentration. 
𝑀𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 𝑀𝑇 =
1
2
(𝑆𝑖𝑂  𝑑𝑜𝑢𝑏𝑙𝑒 − 𝑙𝑎𝑦𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠) 
𝑉𝑜𝑙𝑢𝑚𝑒 𝑆𝑖𝑂  𝑓𝑜𝑟 𝑚𝑜𝑛𝑜𝑙𝑎𝑦𝑒𝑟 𝑐𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑉  = 𝑀𝑇 ∗ 𝐵𝐸𝑇 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑃𝑏𝐶𝑂  
𝑀𝑎𝑠𝑠 𝑆𝑖𝑂  𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑚 = 𝜌 ∗ 𝑉     




3.1.3.2 Test Six  
Tests Six was conducted to determine the effect of adding aluminum to high lead surface area 
systems.  Aluminum was added several times throughout the experiment; 1 mg/L Al was added 
to batch reactor 6A, 6B and 6C in the first experimental iteration. Chlorine was maintained 
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between 1 – 2 mg/L. The bottles were placed on a magnetic stirrer for two days at mid level stir, 
then taken off the stirrer for the remainder of the first iteration. After 21 days for 6A, 14 days for 
6B and eight days for 6C, an additional 1 mg/L of Al3+ was added to the reactors to determine if 
spiking the system with additional aluminum would trigger another decrease in aqueous silica 
levels. The bottles were stirred for two days, then taken off the stirrer for the remainder of the 
second experimental iteration. After 11 days for 6A, and six days for both 6B and 6C, another 1 
mg/L Al3+ was dosed. Again, the bottles were stirred for two days and then at rest for the 
remainder of the third experimental iteration. A fourth iteration was completed on 6A only where 
an additional 2 mg/L Al3+ was added to the system; this final iteration was run for 10 days. 
Experimental conditions are described in Table 8. 













Cerussite (g/L) 10 10 0 
Plattnerite (g/L) 0 0 10 
Silicate (mg/L 
as SiO2) 
10 10 10 
Aluminum 
(mg/L) 
1  2  3  5 1  2  3 1  2  3 
Free chlorine 
(mg/L Cl2) 
2 2 2 




60 60 60 
Experiment 
Length (days) 




 Sampling Procedure and Analytical Methods 
For Tests One through Four, 10 mL sacrificial samples were collected to measure free chlorine 
using the N,N-diethyl-p-phenylenediamine (DPD) free chlorine Hach colorimetric method 8021. 
Chlorine was added as necessary to bring levels back up to 1.2 – 1.8 mg/L. 10 mL sacrificial 
samples were also collected to measure silicate as mg/L SiO2 using the silicomolybdate Hach 
colorimetric method 8185 once per week. Silica and chlorine measurements were both 
performed using the Hach DR900 Colorimeter. Twice per week, pH was measured using a 
Thermo Scientific Orion Star A111 pH meter with a non-glass ISFET probe. The pH meter was 
calibrated using a 3-point calibration (pH 4, 7 and 10) prior to each set of measurements. The pH 
probe was cleaned with Deionized Water and a Kimwipe and measurements were taken directly 
from the reactor. For Tests Two, Three, and Four, 5.6 mL sacrificial samples were taken to 
measure alkalinity once per two weeks using the Hach drop count titration AL-AP method with 
sulfuric acid, and aqueous silica levels were measured twice per week rather than once. 
For Tests Five and Six, the same equipment as above was used to measure free chlorine, silica, 
pH and alkalinity. For Test Five, aqueous silica levels were measured twice per day for the first 
week, twice per week for the next 4 weeks, then once per month for the remainder of the 
experiment. For Test Six, aqueous silica levels were measured twice per day for the first two 
days, and once every other day for the remainder of the experiment. The pH was monitored 
consistently and adjusted with nitric acid as necessary. 
Dissolved lead concentrations were measured from the nitric acid preserved 10 mL aliquots 
taken throughout the experiment via Inductively Coupled Plasma – Mass Spectroscopy (ICP-
MS) at Bureau-Veritas Laboratories using US EPA Method 6020B.  
3.2 Methodology of Characterization 
UV-Visible light spectroscopy was performed on the dried solid phase samples using a UV-3600 
SHIMADZU spectrophotometer equipped with a Harrick Praying Mantis cell for diffuse 
reflectance. The wavelength range used was 200 nm to 800 nm with a sampling interval of 1 nm, 
a fast scan speed, and a slit width of 3 nm. The spectra were obtained in diffuse reflectance mode 
and transformed to absorption using the Kubelka-Munk function in the UVProbe® version 2.41 
software. Results were normalized and then smoothed using a 9-point rolling average prior to 
presentation. UV-Vis spectroscopy was performed in house. 
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Fourier Transform Infrared spectroscopy was performed using the VERTEX 70 spectrometer 
equipped with a liquid-nitrogen cooled MCT detector, a Harrick Praying Mantis cell for diffuse 
reflectance and OPUS® software. Spectra were measured in the mid-range of 400 – 4000 cm-1 in 
absorbance mode at a 4 cm-1 resolution and 64 scans per sample. Results were normalized and 
smoothed using the asymmetric least squares method prior to presentation (Boelens et al., 2005). 
FTIR spectroscopy was performed in house. 
Raman spectroscopy was performed using a ReniShaw micro-Raman 2000 system. The spectra 
were obtained using a He-Ne laser with a 632.8 nm excitation wavelength, 0 – 2000 cm-1 range 
in micro mode. The acquisition time was 20 s at 2 mW for each spectrum. Four scans were taken 
at different points for each sample and the average was used as the representative spectra.  
Results were normalized and smoothed using the asymmetric least squares method prior to 
presentation (Boelens et al., 2005). Raman spectroscopy was performed by Daiqiang Liu in Dr. 
Song’s laboratory in the Chemistry Department at Western. 
Powder XRD (pXRD) was performed using a Rigaku Dmax X-ray diffractometer with radiation 
type CoKα1 = 1.78897 Å, a power of 40 kV x 35 mA, a beam diameter of 12 mm x 6 mm, a 2-
theta step scan with step size 0.02 °/step, step time of 1 s per step and 2ϴ range of 5 ° - 90 °. 
pXRD was performed by Dr. Roberta Flemming at the Powder and Micro X-Ray Diffraction 
Facility at Western. 
X-ray Photoelectron Spectroscopy (XPS) was performed using a Kratos AXIS Supra 
spectrometer with a monochromatic AI Kα source (15 mA, 15 kV). The instrument work 
function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for 
metallic gold and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 
2p3/2 line of metallic copper. The Kratos charge neutralizer system was used on all samples. 
Samples were mounted on double-sided adhesive tape prior to analysis. Survey scans were 
carried out with an analysis area of 300 x 700 μm and a pass energy of 160 eV; high resolution 
analysis was carried out with the same analysis area but a pass energy of 20 eV. Spectra were 
charge corrected to the main line of the carbon 1s (adventitious carbon) spectrum set to 284.8 
eV. Spectra were analysed using the CasaXPS® software version 2.3.14. XPS was performed at 
Surface Science Western by Dr. Mark Biesinger. 
28 
 
Scanning Electron Microscopy with Energy Dispersive X-ray Spectroscopy (SEM-EDX) was 
performed with the Zeiss 1540XB Field Emission Scanning Electron Microscope, Oxford 
Instruments X-Max x-ray detector, and Inca analysis software. EDX analysis was performed at 
20 keV beam energy and SEM imaging was performed at 1 keV beam energy. SEM-EDX was 





4 Impact of Aqueous Silicate on Lead Dissolution 
4.1 Introduction 
Elevated lead levels have been observed in tap water across the continent as a result of lead 
dissolution from corrosion scale in lead service lines and fittings in the drinking water 
distribution system. Lead service lines and fittings were installed in Canada and the United 
States until 1986, and several of these lines are still in place today (Government of Canada, 
2013). Exposure to even low lead levels poses very serious health threats to humans. Health 
Canada has set the MAC for lead at 5 ppb to prevent adverse health effects (HealthCanada, 
2017). There are, however, numerous municipalities across the continent with homes and schools 
with lead levels above the MAC.  
There are several methods of lead corrosion control including water treatment with 
orthophosphate, pH adjustment or sodium silicate. In order to develop the most effective 
corrosion control strategy for a given water quality, a thorough understanding of the mechanisms 
governing these phenomena is required. There is a knowledge gap specifically surrounding how 
sodium silicates function as a corrosion control strategy for lead. Many studies have shown the 
effectiveness of water treatment by sodium silicate, but few, if any, have been able to determine 
how this water additive interacts with lead to lower exposure in distribution systems (Kogo et al., 
2017; Li et al., 2019; Mishrra et al., 2021; Michael R. Schock et al., 2005; Stericker, 1945). 
Studies have focused on the effectiveness of sodium silicates as a corrosion control strategy for 
lead at bench, pilot and plant scale by comparing different doses, pre-treatment and conditioning 
levels and lengths of time, and water qualities with dissolved lead levels (Kogo et al., 2017; Li et 
al., 2021; Lintereur et al., 2010; Macquarrie et al., 1997; Mishrra et al., 2021; Schock, 1989; 
Zhou et al., 2015).  
Most studies worked with corrosion scale harvested from lead pipes or fabricated through 
conditioning regimens, however we chose to use pure phase Pb2+ carbonates and Pb2+/4+ oxides 
to isolate the effectiveness on scale with well defined lead phase characteristics. Cerussite, 
minium and plattnerite have all been documented as common major lead phases in lead pipe 
corrosion scale harvested from DWDS (Guo and Herrera, 2018; Kim and Herrera, 2010; Lytle 
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and Schock, 2005; Xie et al., 2010b) The dominant phase of lead in the corrosion scale can be 
predicted based on water quality and disinfectant type. We used batch reactors with various 
combinations of cerussite, minium, plattnerite, aluminum, and silicates in chlorinated drinking 
water and analyzed the aqueous chemistry throughout the 45- to 120-day experiments. In 
addition, the solid phase was harvested, dried and characterized using spectroscopic techniques 
including UV-Vis, FTIR, Raman, XRD, XPS and SEM-EDX. Both aqueous and solid phase 
observations provide valuable insight into the mechanisms governing silicates as a corrosion 
control strategy for lead and confirm the importance of understanding how a corrosion inhibitor 
works prior to implementation in a DWDS. 
4.2 Results and Discussion 
 Impact of Aqueous Silicate on Dissolution of Cerussite  
4.2.1.1 Analysis of Changes in Aqueous Phase 
Free chlorine measurements and chlorine adjustments were carried every three days. Figure 4 
shows the results obtained for the residual levels after periodic adjustment over the span of 45 
days. Previous reports indicate that lead carbonates are oxidized in the presence of free ‘ 
chlorine under typical drinking water conditions (Michael R Schock et al., 2005) and the results 
depicted in Figure 4 are consistent with these reports. A faster rate of chlorine depletion is 
observed in the absence of silicates, which could be interpreted as silicate interfering with the 
oxidation of Pb2+ species by free chlorine. These experiments were conducted at consistent pH in 
order to isolate for the effect of silicates; pH levels with time are depicted graphically in 
Appendix A Figure 32. 
As the experiment progressed, a change in colour of the PbCO3(s)/Al3+(aq) and PbCO3(s) 
precipitates (reactors 1A, 2A and 2B, 3A and 3B) from white to orange-brown-grey was also 
observed. Figure 5 depicts a typical example of these changes. This observation hints at a change 
in lead phase; Pb(II) carbonates are white whereas higher oxidized Pb species, such as Pb(IV) 
oxides, display color. Indeed, a phase change could be hypothesized, specifically a change from 
PbCO3 to Pb3O4 and/or PbO2 through oxidation by free chlorine. Pb2+ from lead carbonate is 
oxidized according to Equation 3 (Xie, 2010). PbO2 occurs as black in colour. The intermediate 
phase Pb3O4 (minium), displays a bright orange colour, suggesting that this specific phase may 
also be present in the precipitate due to the colour change observed. In fact, minium has been 
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identified as an intermediate phase in the oxidation of Pb2+ lead carbonates to Pb4+ lead oxides 
(Guo et al., 2016; Kim and Herrera, 2010). The formation of both phases could explain the 
colour change that occurred over the course of the experiment in the absence of silicates. In the 
presence of dissolved silicates, no color change was observed. 
Lytle and collaborators reported a similar finding in their study of the effects of orthophosphate 
on lead phase transformation from hydrocerussite to lead oxides at pH 7.75 – 8.1 with a 3 mg/L 
free chlorine residual.  Throughout their experiment they observed white hydrocerussite 
darkening in colour to shades of dark red and grey, dependent on pH, as well as a decrease in 
lead solubility in the absence of orthophosphate (Lytle et al., 2009). Through oxidation-reduction 
potential (ORP) measurements, they were able to show that the ORP was much higher in the 
absence of orthophosphate despite the same concentrations of available free chlorine. They 
proposed that orthophosphate changed the ORP of the water, hence affecting the transformation 
of the lead carbonate to higher valence lead oxide. Compared to phosphates, silicates have nil 
redox activity under drinking water conditions. Although ORP was not monitored during these 
experiments, it is extremely unlikely that the presence of silicates lowered the ORP of the water 
resulting in slower chlorine consumption and inhibiting the formation of Pb4+ oxides.  There is, 
however, a clear impact of chlorine consumption due to the presence of silicates.  
To try to obtain a more quantitative description of this effect we carried a simple mass balance, 
assuming that chlorine was consumed through a direct redox reaction where Pb+2 is oxidized to 
Pb+4 in the system. The stoichiometry presented in Equation 3 indicates free chlorine is 
consumed in a 1:1 mole ratio to form Pb4+ species. Using this ratio, we calculated a hypothetical 
percentage of Pb4+ formed (using the total lead present in the system as benchmark). The results 
obtained from this calculation are presented in Figure 6 as a function of time. First, it is clear that 
the amount of Pb+4 in the system steadily increases over time, however the presence of silicates 
dramatically slowed the formation of Pb4+. There is an approximate 84% difference in final 
amount of Pb4+ formed with and without silicates. Remarkably, the presence of aluminium ions 
does not impact the observed trend in the case of the silicate-free system (blue vs green data 
points), however it seems to have a small (though minor) impact for the case where silicate is 




Figure 4: Change in chlorine concentration with time at pH 8, cerussite solid phase. Chlorine was continually 
dosed to achieve a 1.5 mg/L residual, and was consumed more slowly in the presence of silicates. 
 
Figure 5: Colour change of lead carbonate precipitate in the absence of silicate over 45 days of exposure to 
chlorinated drinking water. 





Figure 6: % Hypothetical amount of Pb+4 generated directly from chlorine consumption in cerussite at pH 8 
The results obtained for the ICP chemical analysis of aqueous dissolved lead levels in these 
experiments are shown in Figure 7. The thermodynamic solubility region for cerussite is shown 
in the shaded box in the figure (Bilinski and Schindler, 1982; Guo et al., 2016; Xiong, 2015). 
These results indicate that most measurements were within the region corresponding to the 
equilibrium concentration of aqueous dissolved lead from cerussite. We can conclude therefore 
that regardless of the presence of silicates, lead levels are regulated entirely by the 
thermodynamic solubility of cerussite. 
Lead oxides are essentially insoluble in drinking water whereas lead carbonates have a low 
solubility, but will still dissolve into the water matrix (Lytle et al., 2009; Lytle and Schock, 
2005). Plattnerite is found in water distribution systems that have maintained high free chlorine 
residuals; free chlorine will oxidize Pb to the Pb4+ product PbO2 which is insoluble in water (Guo 
et al., 2014; Xie et al., 2010b, 2010a). Water that has been treated with other disinfectants, such 
as monochloramine, has a much higher presence of Pb2+ in the scale; chloramines are unable to 
provide the thermodynamic driving force needed to produce or keep Pb4+ species, and as a result 
systems where monochloramine is used as a disinfectant have experienced higher lead 
dissolution (Lin and Valentine, 2008; Switzer et al., 2006). In fact, a switch of disinfectants in 
Washington, DC from free chlorine to chloramines caused lead to leach from service lines due to 
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increased formation of Pb2+ and resulted in elevated lead exposure to residents in the 
municipality (Edwards et al., 2009). The dissolved lead levels measured in these experiments are 
consistent with previous findings if we assume that, in the absence of silicates, a solid phase 
change to higher valence lead oxides is taking place. Alternatively, a recent study observed 
higher dissolved lead in the presence of silicates in a pH-controlled pipe loop study, and 
attributed it to the formation of colloids containing lead (Aghasadeghi et al., 2021). Figure 7 
clearly shows PbCO3(s)/Al3+(aq)/SiOx(aq) has the overall highest dissolved lead levels as the 
systems move towards equilibrium, which is consistent with the absence of a higher valence lead 
oxide phase.  
 
Figure 7: Dissolved Pb levels from tests two and three with cerussite as lead solid phase over the 45-day 
experiments. 
4.2.1.2 Analysis of Changes in the Solid Phase 
After these dissolution experiments were completed, the samples were sent for SEM analysis to 
determine any changes in solid phase morphology. Figure 8 shows the results obtained, together 
with a sample of solid cerussite used as reference. First, the results indicate that the morphology 
of all samples is different from that of the cerussite reference sample. Cerussite is naturally 
occurring as thick needles, hydrocerussite as thin plates and lead oxides as clusters (Lui et al., 
2008). The crystal morphology obtained in this analysis suggests the presence of both 
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hydrocerussite and plattnerite on the surface of the solid phase after dissolution.  A higher 
magnification, 1 μm, was used to attempt to determine any further change in the solid phase 
between the treated samples (Figure 9). At the higher magnification, some hydrocerussite on the 
reference cerussite sample surface was observed (indicated by a yellow circle) which is 
attributed to a reaction between the cerussite and moisture in the air. Clusters of PbO2 in the 
PbCO3(s)/Al3+(aq) sample that are much larger and more prevalent than in the PbCO3(s)/SiOx(aq)  or 
PbCO3(s)/Al3+(aq)/SiOx(aq) samples were observed (shown with red circles), once again suggesting 
the inhibition of PbO2 formation from PbCO3 in the presence of silicates. A unique fine 
precipitate appears visible on the PbCO3(s)/Al3+(aq)/SiOx(aq) sample (shown by a blue circle). It is 
difficult to determine any changes in plate morphology relating to lead phase between the 
samples exposed to aluminum and/or silicates. The biggest impact appears to be solely from the 
influence of silicates on PbO2 generation. 
To further observe the morphology of the fine precipitate visible on the surface of the 
PbCO3(s)/Al3+(aq)/SiOx(aq) sample, another round of SEM was performed at a higher magnification 
(Figure 10). Lead phase and precipitate are identified with the same colours as in Figure 9. The 
surface of the reference cerussite appears flat and slightly ridged. Some small, smooth pieces of 
hydrocerussite can be seen on the surface (outlined in yellow). The PbCO3(s)/Al3+(aq) sample 
shows smooth plates of hydrocerussite, with some clusters of PbO2 (red). There is a small 
amount of precipitate visible on the smooth surface of the hydrocerussite in the PbCO3(s)/SiOx(aq) 
sample; this appears visually as impurities on the surface of the smooth hydrocerussite (circled in 
blue). There is also a cluster of PbO2 in the sample (red). A much larger amount of precipitate is 
visible on the surface of the PbCO3(s)/Al3+(aq)/SiOx(aq) sample. With this precipitate only visible 
on the samples exposed to aqueous silicate, we could hypothesize that silicates are depositing on 
the sample surfaces and more silicate is precipitating out in the presence of aluminum, perhaps 
suggesting the formation of an aluminosilicate phase. This scenario will be further explored in 




Figure 8: SEM images of cerussite precipitate harvested from chlorinated synthetic drinking water at pH 8, with 





Figure 9: SEM images of cerussite precipitate harvested from chlorinated synthetic drinking water at pH 8, with 
and without exposure to Si and Al, at 1 μm scale. Clusters of PbO2 can be seen primarily in the sample not exposed 




Figure 10: SEM images of cerussite precipitate harvested from chlorinated synthetic drinking water at pH 8, with 
and without exposure to Si and Al, at 200 nm scale. Clusters of PbO2 can be seen primarily in the sample not 
exposed to silicates. A fine precipitate on the samples exposed to Si is visible. 
EDX was performed on the above samples to determine bulk phase composition, Table 9 shows 
the results for each sample by atomic percentage. The results clearly indicate the composition of 
all the samples is different from that of reference cerussite. All samples contain similar amounts 
of Pb, but the contents of C and O significantly change among them. This variation is likely due 
to phase variation during the dissolution experiments, specifically cerussite to hydrocerussite and 
higher valence Pb oxides. Al is observed for the case of the samples exposed to aqueous 
aluminum, and Si is present in the samples exposed to aqueous silicates. The highest amount of 
Si is observed in the sample that was exposed to both aqueous silicate and aluminum ions 
(PbCO3(s)/Al3+(aq)/SiOx(aq), 0.98 at% of solid Si content in the sample) whereas only a small 
amount is present in PbCO3(s)/SiOx(aq) at 0.16 at%. This result is consistent with the observation 
of the fine precipitate visible at 200 nm in the SEM images where a small amount of precipitate 
was observed on PbCO3(s)/SiOx(aq) and a much larger amount on PbCO3(s)/Al3+(aq)/SiOx(aq). It 
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should be noted that there is a background carbon signal included in EDX measurements; the 
at% does not portray accurate percentage of the sample makeup and is most useful for comparing 
the ratio of Pb:Si:Al. With that being the case, we can see that the atomic ratio of Si:Pb is five 
times higher when aqueous Al is also present. This observation is consistent once again with 
the presence of aluminum playing a role in the interaction between the aqueous silicate and the 
solid lead phase. Specifically, the presence of aluminium ions may contribute to the precipitation 
of silicates from aqueous phase in drinking water.  
Table 9: Bulk atomic composition of cerussite with and without silicate treatment following 45 days exposure to 
chlorinated drinking water, measured by EDX 






– 45 days 
PbCO3(s)/SiOx(aq) 
– 45 days 
PbCO3(s)/Al3+(aq)/SiOx(aq) 
– 45 days 
Pb 8.53 9.41 8.09 9.37 
C 43.19 49.36 55.6 44.43 
O 48.28 39.53 36.15 44.79 
Al 0 1.7 0 0.41 
Si 0 0 0.16 0.98 
Si:Pb atomic 
ratio - - 0.02 0.1 
 
EDX is a bulk phase measurement. Because Si was detected in the bulk and differences in 
morphology were observed with SEM, XPS surface measurements were used to determine 
surface composition and attempt to clearly identify the chemical state of the lead phases present 
in the outer layers of the solids. XPS is a surface characterization technique; it probes the surface 
to a depth of 5 – 10 nm only. Since any changes in the solid phase resulting from interaction with 
the aqueous phase should be localized at the sample surface, XPS is the most adequate technique 
to evaluate these changes.  
The average Pb binding energy (4f7/2) of PbCO3 is 138.3 eV. The range for the lead oxides is 
wider, with Pb3O4 typically displaying a 4f 7/2 binding energy between 137.4 – 137.7 eV and 
PbO2 between 136.8 – 137.6 eV (National Institute of Standards and Technology, 2012; Thomas 
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and Tricker, 1974). Because the lead oxide binding energies are so similar it is not possible to 
differentiate between them, however it is technically possible to differentiate between oxides and 
carbonates which can give an indication as to whether the top sample layers are in the +2 or +4 
state. Figure 11 shows the intensity normalized survey scan obtained in the Pb 4f region for two 
samples exposed to synthetic drinking water for 45 days. One sample was exposed to aqueous 
silicate, while the other was not. As indicated by the arrow, we observe a shoulder on the 4f peak 
for PbCO3(s)/Al3+(aq) at a binding energy around 137.5 which is indicative of the presence of two 
lead phases, Pb2+ from PbCO3 at the higher binding energy of 138.5 eV and Pb4+ from either 
Pb3O4 or PbO2 at 137.5 eV.  
A high resolution Pb 4f scan was conducted on the samples in an attempt to quantify the results 
from the survey scan and confirm the two peaks under the Pb 4f envelope for PbCO3(s)/Al3+(aq) 
belonged to Pb2+ and Pb4+. Unfortunately, when the samples were run at high resolution the 
contribution of the Pb4+ seems to be enveloped within the Pb2+ 4f peak and only a single peak is 
visible. Figure 12 shows the envelope with a dotted line, and Pb 4f fitting with solid lines. The 
peak for PbCO3(s)/Al3+(aq) is centered at 138.3 eV and the peak for PbCO3(s)/Al3+(aq)/SiOx(aq) is 
centered at 138.4 eV. A fitting performed on this spectrum showed only the Pb2+ peak, any 




Figure 11: XPS survey scan of cerussite harvested from synthetic drinking water with and without aqueous silicate 
exposure; shoulder indicates Pb+4 phase in absence of Si. 
 
Figure 12: High resolution Pb 4f XPS scan and fitting of cerussite precipitate harvested from synthetic drinking 
water with and without exposure to aqueous silicate, showing no shoulder or indication of Pb+4 
The XPS results were further used to obtain the samples’ surface composition in atomic 
percentage. The surface analysis obtained is shown in Table 10. This specific analysis probes a 
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different sample region compared to EDX which is a bulk analysis. The survey scan identified 
the presence of O, Ca, C, Pb, Si, and Al in both the PbCO3(s)/Al3+(aq)/SiOx(aq) and PbCO3(s)/Al3+(aq) 
samples, however the relative amounts of each element vary. A higher amount of oxygen is 
observed in the silicate-treated sample, whereas a higher amount of carbon and lead is observed 
in the silicate-free system. There is also a significant difference between the amount of Si and Al 
in both samples. The differing amounts of O, C and Pb between the two samples is likely linked 
to the dominant lead phase and differing amounts of cerussite, hydrocerussite and lead oxides in 
the sample surface. In order to contrast these result with those obtained using EDX, the Si:Pb and 
Si:Al ratios obtained using both EDX and XPS were calculated and plotted in Figures 13 and 14. 
As expected, a higher Si:Pb ratio is observed in the surface (XPS) than in the bulk of the samples 
(EDX), indicating additional Si is found in the surface. The Si:Al ratios obtained, however, were 
similar in both the surface and bulk phases. This result suggests the silica-alumina precipitate 
formed extends well into the bulk phase with a similar atomic ratio of that in surface layers. This 
result is consistent with two recent reports by Mishrra, Aghasadeghi and coworkers, where SEM-
EDX indicated an increase of 0.7 – 1.5 wt% in pipe loop scale Si concentration following sodium 
silicate treatment for up to 48 weeks and their hypothesis of silicate migrating into the bulk of 
the corrosion layer (Aghasadeghi et al., 2021; Mishrra et al., 2021). The results portrayed in 
Figures 13 and 14 together with the SEM micrographs shown before clearly indicate that after 
aqueous silicate exposure the sample is heterogeneous with a silica-alumina rich outer layer.  
Table 10: Surface atomic composition of cerussite with and without aqueous silicate treatment following 45 days 
exposure to chlorinated drinking water, measured by XPS 
 
Atomic % 
Element PbCO3(s)/ Al3+(aq)/SiOx(aq) – 45 days PbCO3(s)/Al3+(aq) – 45 days 
O 1s 52.4 47 
Ca 2p 1.3 1.6 
C 1s 23.1 32.5 
Pb 4f 13.1 17.8 
Si 2p 6.6 Below detection limit 





Figure 13: Si:Pb atomic ratio comparison of XPS and EDX results for cerussite and minium samples following 
treatment in synthetic drinking water, showing surface and bulk silicate enrichment. Blue line represents total 
system ratio (value 0.02) 
 
Figure 14: Si:Al atomic ratio comparison of XPS and EDX for cerussite and minium samples following treatment in 
synthetic drinking water. Total aqueous phase system ratio is approximately 10. 
Given the presence of Si in the sample surface, a high-resolution XPS Si 2p scan was completed; 
the results obtained are depicted graphically in Appendix B Figure 34. The Si 2p binding energy 
for PbCO3(s)/Al3+(aq)/SiOx(aq) was identified as 102.2 eV.  Silicates typically have a 2p binding 
energy in the range of 103.8 – 101.6 eV depending on other cations present, including Al3+ 
and/or the degree of silicate oligomerization (Biesinger, n.d.; Childs et al., 1997; Li et al., 2012).  
The result is further confirming the presence of silicates precipitating onto the solid phase under 
our experimental conditions.  
Since the result of the high resolution Pb 4f peak (Figure 12) was inconclusive at identifying a 
new Pb-bearing surface phase on the cerussite formed from the interaction of aqueous and solid 
phase, we pursued further surface analysis using UV-Vis spectroscopy. The spectra obtained are 
presented in Figure 15. The general shape of all four samples is similar with a main peak 
centered in the 200 – 300 nm range. There is however a difference between the samples in the 
300 – 600 nm region; the samples exposed to silicates do not have any further peaks or bands, 
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but the samples exposed to the aqueous phase in the absence of silicates have an additional broad 
band that tails down around 600 nm.  
To interpret these observed differences, analyses of reference cerussite, minium and plattnerite 
samples were also performed; the lower portion of Figure 15 shows the reference spectra. Using 
this information, we can proceed to assign the features observed in the samples. The band 
centered around 200 – 300 nm present in all samples is attributed to cerussite and/or 
hydrocerussite as the main peak for both lead carbonate species occurs between 200 – 270 nm 
(Guo et al., 2016). This also matches the reference spectrum obtained for cerussite. This result 
indicates that the dominant lead phase remains lead carbonate in all cases, regardless of the 
exposure to aqueous silicates. The broad band and long tail from 300 – 600 nm clearly observed 
in the spectra obtained of the samples that were not exposed to aqueous silicate, PbCO3(s) and 
PbCO3(s)/Al3+(aq), suggests the presence of a lead oxide phase; lead oxides exhibit a broader range 
of absorption under UV light. Minium exhibits a sharp decrease around 550 nm; plattnerite does 
not exhibit an intensity decrease until 750 nm. The lead oxide phase present in both silicate-free 
samples is therefore expected to be a combination of minium and plattnerite due to the gradual 
decrease between 500 – 700 nm. These results are consistent with the colour change observed 
over the course of the 45-day experiment, as well as presence of possible Pb4+ oxide clusters 
seen in the SEM images, and the XPS shoulder attributed to Pb+4 surface phase observed in 
Figure 11.  When combined, these results clearly show that after exposure to drinking water 
conditions in the absence of silicate ions, a lead oxide phase is formed on the cerussite surface 
(likely the result of the interaction of chlorine residual with the lead bearing solid surface, section 
4.2.1.1). In contrast, if silicate is present in the aqueous phase, this process does not take place 




Figure 15: UV-Vis reference spectra for lead carbonate and lead oxides, and spectra for cerussite samples 
harvested from synthetic drinking water with and without exposure to Si and Al. Broad band indicating presence of 
lead oxides is visible in the absence of Si. 
To further explore this phenomenon, analysis of the four samples was performed using FTIR 
spectroscopy. Results are presented in Figure 16, together with reference spectra for cerussite, 
minium and plattnerite. The spectra for the four samples appear quite similar. There are no 
additional peaks present in any samples, however there are some distinct differences in intensity 
of peaks in the 900 – 600 cm-1, and 2800 – 2400 cm-1 region. The characteristic bands for 
cerussite occur at 1045, 850 and 680 cm-1. The major carbonate band occurs at 1450 cm-1, and 
bicarbonate band at 1600 cm-1 (Guo and Herrera, 2018; RRUFF Database, n.d.). The reference 
spectrum for cerussite also displays adsorbed water peaks at 3450 and 1640 cm-1; the lead oxide 
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reference spectra do not display adsorbed water peaks. Finally, the spectrum for minium shows a 
carbonate peak that can be attributed to adsorbed carbonates on the lead surface.  
The cerussite and carbonate bands are visible in all sample spectra, however the signals have a 
lower intensity in the absence of silicates. The broad band in the 650 – 500 cm-1 range is 
attributed to metal oxides, however there is significant overlap with the cerussite peak around 
680 cm-1 and it is difficult to separate the contributions of both lead carbonates and lead oxides 
(Senvaitiene et al., 2007). A characteristic peak for cerussite located at 850 cm-1 is not visible in 
any of the samples. This could be attributed to the presence of the previously identified 
hydrocerussite, as this peak does not occur in both forms of the Pb2+ carbonate.  Equation 4 
shows how hydrocerussite forms spontaneously from cerussite in the presence of hydroxide ions 
(Guo et al., 2016). The carbonate and bicarbonate peaks (shown with a black arrow) have a 
higher intensity for the samples exposed to aqueous silicates, indicating a higher amount of lead 
carbonate in the solid phase. Furthermore, the water peaks also display a higher intensity (shown 
with a black arrow), suggesting the Pb2+ carbonate present is likely hydrocerussite. The 
PbCO3(s)/Al3+(aq)/SiOx(aq) and PbCO3(s)/SiOx(aq) spectra suggests the dominant phase remains Pb2+ 
carbonate with only a small contribution from lead oxides. The spectra for PbCO3(s)/Al3+(aq) and 
PbCO3(s) indicate Pb2+ carbonate remains the dominant phase, but the lower intensity of 




Figure 16: FTIR reference spectra for lead carbonate and oxides, and spectra for cerussite samples harvested from 
synthetic drinking water with and without exposure to aqueous Si and Al. Changes in peak intensity based on 
exposure to Si and Al are visible. 
3𝑃𝑏𝐶𝑂 ( ) + 2𝑂𝐻 ↔  𝑃𝑏 (𝐶𝑂 ) (𝑂𝐻) ( ) + 𝐶𝑂 ( ) 
Equation 4 
Raman spectroscopy was performed to determine any signals that may be present with a different 
form of IR spectroscopy. All four samples were analyzed, and results are presented in Figure 17. 
It is evident that the silicate-treated samples exhibit different spectra than those obtained in the 
absence of aqueous silicate. Both PbCO3(s)/Al3+(aq)/SiOx(aq)  and PbCO3(s)/SiOx(aq) show a sharp 
peak at 1045 cm-1, as well as other distinct peaks at 1355, 410 and 110 cm-1.  PbCO3(s) and 
PbCO3(s)/Al3+(aq) show main distinct peaks only at 515, 260 and 130 cm-1. The main peak for 
cerussite occurs at 1050 cm-1, and for hydrocerussite at 1040 cm-1. Similar to the FTIR results, 
there was no main cerussite peak present in the Raman spectra for PbCO3(s) and PbCO3(s)/Al3+(aq), 
whereas this peak is very distinctive for the silicate treated samples, once again indicating the 
dominant presence of lead carbonate in the sample surface when silicates are present in the 
aqueous phase. The peaks from 600 – 100 cm-1 for PbCO3(s) and PbCO3(s)/Al3+(aq) can be 
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attributed to lead oxides; the main peaks for PbO2 are at 200 cm-1 and 139 cm-1 and for Pb3O4 are 
at 550 cm-1, 391 cm-1, and 151 cm-1. The peaks at 1355 cm-1  and 600 – 100 cm-1 for 
PbCO3(s)/SiO2(aq) and PbCO3(s)/Al3+(aq)/SiO2(aq) can be attributed to cerussite and hydrocerussite 
(Kim and Herrera, 2010; RRUFF Database, n.d.). The results from this analysis align with the 
results obtained by SEM, EDX, XPS, UV/Vis and FTIR showing that silicates inhibited the 
formation of Pb4+ oxides.  
Two small peaks are present in the spectra for PbCO3(s)/Al3+(aq)/SiOx(aq) and PbCO3(s)/SiOx(aq) that 
are not present in reference spectra for cerussite; these are located at 1076 and 960 cm-1 and 
shown in Figure 17 with black arrows. Si-O-Si peaks are typically located at 1070 and 950 cm-1 
(Creton et al., 2008), thus this result aligns with the XPS and EDX data (Figures 13 and 14) 
indicating the presence of silicates in the solid surface.  It is postulated that the additional peaks 
on the spectra are likely Si-O-Si or Si-OH peaks, although it is possible that a peak for Si-O-Al 
also occurs and is not visible due to overlap with other major phases present (for example, the 
Raman peak for allophane occurs at 1050 cm-1 and would be within the main cerussite peak). 
Another study confirmed the three main bands in all SiO2 spectra are due to bridged oxygen 
atom vibrations and occur at 1100 cm-1 (stretching), 800 cm-1 (bending) and 480 cm-1 (rocking) 
(Handke and Mozgawa, 1993). Peaks are observed in these areas for both silicate-treated 




Figure 17: Raman spectra for cerussite samples harvested from synthetic drinking water with and without exposure 
to Si and Al; characteristic lead carbonate peaks are absent in absence of silicates. Inset shows additional Si-O 
peaks in silicate-treated samples. 
XRD was performed to observe any differences in crystal phase between the samples. Figure 18 
shows the diffractograms obtained for the four samples, which appear almost identical. The main 
peaks are located at 40 °, 31.7 ° and 28.8 ° with many other small peaks located in the 75 – 25 ° 
region. There is one additional peak visible in the PbCO3(s)/Al3+(aq)/SiOx(aq) diffractogram at an 
angle of 31 °, indicated by the black arrow. This appears to be the only different peak between all 
four samples.  
Analysis of results was performed using Jade software. All samples show the main peaks for 
cerussite, located at 28.8 ° and 42.1 °, and hydrocerussite, located at 2ϴ angles of 31.5 ° and 40 ° 
(RRUFF Database, n.d.). Based on the highest intensity peak occurring at 40 °, hydrocerussite is 
the dominant crystal phase in each sample with contributions from cerussite. The small peaks 
located throughout the diffractograms are also present in both Pb2+ carbonate phases. Because Si 
was detected in the bulk phase in EDX measurements, the main peaks for silica were verified 
with the additional peak identified in the PbCO3(s)/Al3+(aq)/SiOx(aq) sample. The main peaks for 
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silica are located at 30.6 ° and 70 °; the additional peak at 31 ° could be attributed to silica as 
there is already a small peak at 70 ° in all diffractograms. Silicates and aluminosilicates are 
amorphous and would not be detected with XRD. Furthermore, XRD is sensitive to heavy metals 
which could make it even more difficult to detect other phases such as silica or silicates, which 
could explain why only one very small peak is visible (Guo and Herrera, 2018). No evidence of 
lead oxide was visible in the diffractograms for PbCO3(s) and PbCO3(s)/Al3+(aq) samples. 
 
Figure 18: XRD diffractogram for cerussite samples harvested from synthetic drinking water with and without 
exposure to Si and Al.  
 Impact of Aqueous Silicate on Dissolution of Minium  
4.2.2.1 Analysis of Changes in Aqueous phase 
The previous experiments were also completed using minium, instead of cerussite, as the lead 
solid phase, as described in Test Four. Minium is a mixed phase lead oxide; it has lead in both 
the +2 and +4 oxidation states and occurs as an intermediate in the oxidation of lead corrosion 
scale (Guo et al., 2016). Chlorine was measured and dosed as required every three days to 
maintain the chlorine residual around 1.5 mg/L Cl2; experiments were conducted at consistent 
pH levels as depicted in Appendix A Figure 33. Figure 19 shows chlorine levels throughout the 
45-day experiment. Similar to observations made with cerussite, the batch reactors in the absence 
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of silicates consumed chlorine significantly faster and required additional chlorine dosages to 
maintain the residual.  
Throughout the experiments, the bright orange colour of minium changed in the Pb3O4(s) and 
Pb3O4(s)/Al3+(aq) system to a darker orange shade, shown in Figure 20. Minium oxidation by free 
chlorine has been proposed by Guo et al. according to Equation 5. The darkening of the bright 
orange minium suggests formation of some black Pb4+ oxides. Once again, assuming a 
stoichiometric direct oxidation by chlorine of Pb species present in Pb3O4, a graph of additional 
Pb4+ generation over time was prepared and is presented in Figure 21. Actual PbO2 levels are 
expected to be higher; minium reacts with H+ in water to form both Pb2+ and PbO2 (Equation 5), 
however, only PbO2 generated directly from minium oxidation by free chlorine is presented in 
Figure 21.  A similar trend to that of cerussite is observed with less Pb4+ generated in the 
presence of silicates, indicating the presence of silicates inhibits the interaction of aqueous 
chlorine with the solid phase and resulting in formation of less Pb4+ species.  
 
Figure 19: Change in chlorine concentration with time at pH 8, minium solid phase. Chlorine was continually dosed 
to achieve a 1.5 mg/L residual, and was consumed more slowly in the presence of silicates. 
𝑃𝑏 𝑂 ( ) + 4𝐻 ↔ 2𝑃𝑏 + 𝑃𝑏𝑂 ( ) + 2𝐻 𝑂 






Figure 20: Colour change of minium precipitate in the absence of silicate over 45 days exposure to chlorinated 
drinking water 
 
Figure 21: % Hypothetical amount of Pb+4 generated from direct chlorine consumption in minium at pH 8 over 45 
days exposure to chlorinated drinking water 
The dissolved lead levels measured throughout Test Four are shown in Figure 22. The levels 
appear to rapidly decrease at the start of the experiment and then slowly increase to equilibrium 
levels determined by minium thermodynamic solubility. Unlike cerussite, 
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Pb3O4(s)/Al3+(aq)/SiOx(aq) does not appear to have the highest dissolved lead levels consistently 
throughout the experiment. Rather, both Pb3O4(s)/Al3+(aq)/SiOx(aq) and Pb3O4(s)/SiOx(aq) have the 
highest levels until the final measurement at which point Pb3O4(s) increases sharply. All samples 
follow the trend of starting with a high measurement, sharply decreasing and then slowly 
increasing to stabilize around solubility equilibrium. Reports of minium solubility are extremely 
variable, and this contrasting behaviour to that of cerussite is likely linked to the kinetics of the 
dissolution process playing a larger role for the case of lead oxides. Fraser and Fairhall reported 
minium solubility in distilled water to be 553 ug/L at room temperature, however McKinley and 
collaborators reported Pb3O4 to have a water solubility of 6.9 ng/L, and Guo et al. reported 140 
ug/L (Brokbartold et al., 2013; Fraser and Fairhall, 1959; Guo et al., 2014; McKinley et al., 
2002). The average solubility region is shown with the shaded box in Figure 22. Lytle et al. 
observed a similar trend with dissolved lead rapidly decreasing at the start of their experiment 
using lead carbonates and orthophosphate, leveling off, and then increasing to solubility 
equilibrium levels towards the end of the experiment. They attribute this trend to the conversion 
of Pb2+ to relatively insoluble Pb4+ occurring more rapidly at the beginning of the experiment 
(Lytle et al., 2009). Furthermore, the free chlorine levels were slightly lower towards the end of 
the Test Four experiment (Figure 19), which could have triggered some conversion from Pb4+ 
back to Pb2+. This could explain the increase in dissolved lead levels in the final measurements 
on day 45. These results are in agreement with previous reports suggesting the dissolution of 
minium is a kinetically controlled process. Overall, a similar trend is observed with the silicate-
treated minium samples experiencing higher dissolved lead levels throughout the experiment as 




Figure 22: Dissolved Pb levels from test four at pH 8 with and without silicate exposure in chlorinated drinking 
water, with minium as lead solid phase  
4.2.2.2 Solid Phase Changes 
XPS was performed on the minium samples for a solid phase characterization. A Pb 4f high 
resolution scan and fitting is presented in Figure 23, where the dotted line represents the 
envelope and the solid lines represent the 4f7/2 and 4f5/2 fittings. Significant differences can be 
seen in the shape of the envelopes, as well as the size of the peak fittings, based sample exposure 
to aqueous silicates. The high resolution Pb 4f signal for Pb3O4(s)/Al3+(aq) displays a much larger 
secondary peak around 139 eV compared to that of Pb3O4(s)/Al3+(aq)/SiOx(aq). Indeed, for the 
sample obtained in the presence of silicate the fitting shows 21.2% of the area at 139 eV and 
78.8% of the area at 137.8 eV. For Pb3O4(s)/Al3+(aq), the fitting shows 9.6% of the area at 138.7 
eV and 90.4% of the area at 137.7 eV. It should be noted that the Pb3O4(s)/SiOx(aq) sample was 
also analyzed via XPS high resolution Pb 4f and displayed a very similar phase breakdown as 
Pb3O4(s)/Al3+(aq)/SiOx(aq), (19.7% of the area at 138.7 eV and 80.3% at 137.7 eV) therefore the 
results for this sample were not shown in Figure 23. This clearly indicates a difference in the 
surface composition of the lead oxide phase in each sample. The Pb2+ peak for Pb3O4 is reported 
to occur at 138.6 eV, and the Pb4+ peak at 137.6 (Thomas and Tricker, 1974). Furthermore, the 
4f peak for PbO2 occurs at a lower binding energy (137.5 +/- 0.4 eV) than those obtained in lead 
phases in a lower valence (+2) state (138.3 – 139 eV) (National Institute of Standards and 
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Technology, 2012). Using these reports, we can thus confirm that the peak located around 139 
eV is linked to Pb2+ species whereas the peak located around 137.7 eV can be assigned to Pb4+. 
The surface of the sample in the absence of silicates exhibits 11.6% more Pb4+ than the sample 
exposed to aqueous silicates. This is further confirmation of the inhibitive effect of silicates on 
the generation of Pb4+ by aqueous phase interaction.  
 
Figure 23: Pb 4f high resolution XPS fitting of minium following 45 days exposure to chlorinated drinking water 
with and without silicates, showing higher Pb+4 in absence of silicate treatment 
The surface composition in atomic percentage was also determined by XPS survey scan (Table 
11). The survey scan identified the presence of O, Ca, C, Pb, Si, and Al in the 
Pb3O4(s)/Al3+(aq)/SiOx(aq), Pb3O4(s)/Al3+(aq) and Pb3O4(s)/SiOx(aq) samples, however the relative 
amounts of each element vary. There is a significant difference between the amount of Si and Al 
in the samples. In order to compare with previous results presented in this thesis, the Si:Pb and 
Si:Al ratios (Figures 13 and 14) will be discussed.  There was four times more Si in the surface 
of the Pb3O4(s)/Al3+(aq)/SiOx(aq) sample compared to Pb3O4(s)/SiOx(aq). The silicon content in the 
Pb3O4(s)/Al3+(aq) sample was below detection limit. Once again, this confirms the critical role of 
aluminum ions in the surface precipitation of silicate species on the solid sample. Furthermore, 
the Si:Al ratio in the Pb3O4(s)/Al3+(aq)/SiOx(aq) sample is quite similar to the surface ratio observed 
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for the previously discussed PbCO3(s)/Al3+(aq)/SiOx(aq), suggesting the precipitation of silicate is 
regulated mostly by aqueous aluminum and is likely independent of lead phase morphology. 
Table 11: Surface composition of minium samples following 45 days exposure to chlorinated drinking water with 





– 45 days 
Pb3O4(s)/Al3+(aq)   
– 45 days 
Pb3O4(s)/SiOx(aq)  
– 45 days 
O 1s 53.2 38.2 42.3 
Ca 2p 2.9 1.4 2 
C 1s 18.8 33 31.2 
Pb 4f 11 25.9 20.2 
Si 2p 8.9 Below detection limit 3.7 
Al 2p 5.1 1.2 Below detection limit 
 
Given the presence of Si in the sample surface, a high-resolution Si 2p scan was completed. The 
Si 2p binding energy for Pb3O4(s)/Al3+(aq)/SiOx(aq) was identified at 102.2 eV, and for 
Pb3O4(s)/SiOx(aq) at 101.8 eV (fittings shown in Appendix B Figure 35).  Silicates typically have a 
2p binding energy in the range of 103.8 – 101.6 eV depending on cations present, and silicates in 
the presence of aluminum have been shown to have an Si 2p binding energy in the range of 
102.9 – 101.8 eV depending on degree of polymerization (Biesinger, n.d.; Li et al., 2012). 
Because both measurements for the silicate-treated samples fall within the range for silicates, it 
is likely that the Si phase present is silicate. This further confirms the presence of silicates 
precipitating onto the solid phase under drinking water conditions regardless of the morphology 
of the lead solid phase.  
 Role of Aluminum in Silicate Precipitation and Lead in Drinking Water 
The results portrayed clearly indicate that the presence of silicates inhibits the interaction 
between the Pb-bearing solid and the aqueous phase containing chlorine residual. However, they 
also suggest that aluminum ions also play a role in this inhibitory effect as the solids 
precipitating in the presence of aqueous silicate also contain aluminum. Aluminum, iron, 
manganese and other metals are often identified in lead corrosion scale characterizations; 
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aluminosilicates have been consistently identified as a major phase in lead bearing corrosion 
scales harvested from drinking water distributions systems (Guo and Herrera, 2018; Kim and 
Herrera, 2010; Snoeyink et al., 2003). Iron and manganese have been reported to increase lead 
release from corrosion scale by accelerating lead oxidation, however the effects of aluminum are 
still relatively unknown (Li et al., 2020). Aluminum is found in most drinking water distribution 
systems either naturally occurring or from water treatment with alum. Silica is also naturally 
occurring in water (Kvech and Edwards, 2001; Snoeyink et al., 2003). Some studies have 
proposed aluminosilicate formation on pipe surface may have a protective effect on metal ion 
dissolution, and many have investigated the prevalence of aluminosilicates in corrosion scale 
harvested from municipalities across North America (Snoeyink et al., 2003). An early study in 
1973 noted the solubility of silica at pH 8.0 decreased with increasing aluminum concentration; 
the authors hypothesized the formation of an aluminosilicate solid that results in a reduction of 
both aluminum and silica levels (Iler, 1973; Snoeyink et al., 2003). A more recent study 
conducted in 2020 assessed the effect of aluminum on dissolved lead levels in phosphate treated 
water. They found that in phosphate treated systems, the presence of aluminum increased 
dissolved lead levels due to interference with formation of protective lead-phosphate compounds 
on the pipe surface (Li et al., 2020).  
Allophane and imogolite are poorly crystalline aluminosilicate solids commonly found in soils. 
They have Si:Al ratios between 0.5 and 4; imogolite is typically Al-rich whereas allophane is Si-
rich however ratios are pH dependent. The formation of both aluminosilicates is kinetically 
favoured when dissolved silica and aluminum concentrations are between 0.1 – 4 mmol/L and 
can form in any environment where there is a sufficient supply of silica and aluminum (Harsh et 
al., 2018). Both allophane and imogolite have been prepared synthetically in a lab environment 
by adjusting ratios of aqueous aluminum, silica, pH and temperature (Wada and Kubo, 1975; 
Wada et al., 1979). Wada and Kubo were able to show that the SiO2/Al2O3 ratio of amorphous 
aluminosilicate precipitation from solution is in the range of 1.0 – 3.0 when precipitation takes 
place at a weakly acid to alkaline pH (Wada and Kubo, 1975). Allophane can be found with 
SiO2/Al2O3 ratios typically between 0.9 – 2.1 depending on parent solution conditions and 
temperature; these specific experiments were completed at temperatures ranging from 60 – 90 °C 
however temperature is not limiting as both aluminosilicates have been known to form in 
volcanic ash in Iceland (Harsh et al., 2018; Wada et al., 1979).  Pb2+ has been shown to sorb 
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selectively to allophane and imogolite in soils. Furthermore, Al-rich allophanes tend to be 
unstable and Si-rich allophanes are most likely to occur in natural waters (Harsh et al., 2018). 
Studies have found that allophane is the most common phase formed under drinking water 
conditions with the Si/Al ratio affected by pH (Arai et al., 2005; Guo and Herrera, 2018; Opiso et 
al., 2009). Other work, however, indicates that this not might be always the case. A kinetic study 
performed at 25 °C determined that imogolite could be formed in drinking water distribution 
systems with alum coagulated waters (resultant Al concentration around 200 μg/L) and silica 
concentrations as low as 2 mg/L  although pH was not discussed; a further comment by the same 
author indicated the formation of imogolite occurs most easily at pH 4.5 (Farmer and Lumsdon, 
1994; Snoeyink et al., 2003).  
The aim of this section is to determine how silicates and aluminum interact under drinking water 
conditions to precipitate aluminosilicate solids onto lead. Batch reactor experiments with varying 
concentrations and phases of silicates, aluminum and lead were conducted. Aqueous silica levels 
were monitored consistently; experiments lasted 45 – 120 days followed by surface and bulk 
solid phase characterization performed via UV-Vis, FTIR, Raman, XRD, XPS, and/or SEM-
EDX.  
4.2.3.1 Analysis of Changes in Aqueous Phase 
Throughout the experiments conducted to isolate the effects of silicates, observations were made 
regarding the effect of aluminum on silicate precipitation. Aqueous silica measurements were 
taken every three to seven days throughout Tests Two, Three and Four with minium and 
cerussite as the solid phase. These results are seen in Figures 24 and 25. Consistently, the 
aqueous silica levels decreased in the presence of aluminum regardless of lead solid phase or pH.  
The decrease in silica levels in the presence of aluminum may be due to the formation and 
precipitation of an aluminosilicate phase on the lead surface, similar to that which is found on the 
outermost scale layers harvested from lead service lines. Another recent study monitored the 
aqueous alumina levels in a phosphate treated system and saw levels decrease over the course of 
the experiment. They hypothesize the formation of aluminum hydroxide depositing on the lead 
surface as aluminum hydroxide particles are positively charged and the surface of cerussite and 
lead oxides are negatively charged (Li et al., 2020). They did not, however, detect the presence 
of any alumina-containing species through XRD or SEM analysis of the Pb coupons used in their 
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experiments. Furthermore, they determined that in the presence of orthophosphate, aluminum 
uptake to scale was inhibited due to change in surface charge from positive to negative (Li et al., 
2020). In our water quality regime, some of the aluminum complexes are expected to remain 
positive, suggesting precipitation of aluminum and silicate is in the form of aluminosilicates that 
are attracted to the negative surface of the lead carbonates or oxides. 
 
Figure 24: Aqueous silicate concentration variations with time in tests two and three over 45 days exposure to 




Figure 25: Aqueous silicate concentration variations with time in test four over 45 days exposure to chlorinated 
drinking water, minium as lead solid phase 
Allophane and imogolite are two commonly found aluminosilicates. Previous studies have 
suggested that both could form under drinking water conditions, but based on pH, allophane is 
most likely to form given most drinking water parameters and neutral to slightly basic pH 
(Farmer and Lumsdon, 1994; Kim and Herrera, 2010; Snoeyink et al., 2003). Allophane typically 
has the composition Al2O3(SiO2)1.3-2●(H2O)2.5-3 and has a positive surface charge (“Allophane 
Mineral Data,” n.d.; Guo and Herrera, 2018). The Al/Si ratio depends on pH and affects its 
surface properties (Guo and Herrera, 2018; Harsh et al., 2018). Si-rich allophanes, typical Al/Si 
ratio of 0.6, form naturally at pH above 5 to near neutral, and a pH above 4.7 is needed for 
precipitation (Guo and Herrera, 2018; Parfitt and Kimble, 1989). Previous studies have shown 
that the surface of cerussite and hydrocerussite under drinking water conditions have negative 
zeta potentials, indicating that the positively charged aluminosilicates could adsorb to the surface 
of the solid lead carbonate (Guo and Herrera, 2018; Harsh et al., 2018). Another study found that 
the zeta potential of sodium silicate treated iron oxide was substantially more negative than 
untreated iron oxides, and this is expected for other transition metals as well (Li et al., 2019). 
That being considered, sodium silicate treated lead carbonate or oxide could have a more 
negative surface charge which would result in enhanced deposition of aluminosilicates to the 
61 
 
lead surface. Furthermore, synthetic allophanes have been prepared in solutions with pH between 
6.0 to 8.0 and SiO2/Al2O3 ratios between 1 and 3 at room temperature (Wada et al., 1979). 
We tested the possibility that an aluminosilicate phase is forming on the solid lead precipitate by 
designing a set of experiments with a higher amount of solid phase under the hypothesis that a 
higher amount of solid surface area would increase the number of available sites for 
precipitation. It is important to emphasize that the underlaying hypothesis assumes that 
aluminosilicate precipitation is occurring at the surface of the solid lead phase, thus Pb-phase 
mediated, and not freely in the aqueous phase through direct interaction of silicate and aluminum 
ions reaching the thermodynamic solubility product. In some of these experiments, the aluminum 
dosage was consistently spiked with 1 mg/L over time to attempt to trigger decreases in aqueous 
silica levels (Tests Five and Six) using both cerussite and plattnerite at both pH 7 and 8.  
The results obtained for aqueous silica levels in this set of experiments are shown in Figures 26 – 
28. Consistently, after each aluminum spike of 1 mg/L, a decrease in aqueous silicate levels is 
observed. The amount of silicate precipitating, however, depends on the system pH. For the case 
of the experiment run at pH 8, a consistent decrease of 2 mg/L as SiO2 (Figure 26) is observed 
after a 1mg/L Al spike is introduced to the system. At pH 7, each aluminum spike of 1 mg/L led 
to a decrease in aqueous silica levels of 1 mg/L. This 1 mg/L decrease was observed for both 
PbCO3 and PbO2 (Figure 27 and Figure 28). When aluminum was not present, varying levels of 
aqueous SiO2 were observed with no consistent decrease over time. Overall, the aqueous SiO2 
levels were more consistent and predictable in the presence of aluminum. There are several 
conclusions that can be drawn from this experiment. First, it appears the lead solid phase does 
not impact precipitation; at pH 7 the aluminosilicate formation and precipitation rates were the 
same for both PbCO3 and PbO2. As discussed above, at this pH the surface of both lead 
carbonates and oxides is negative, therefore both would attract the positively charged 
aluminosilicates towards surface precipitation.  
It is well stablished that in aqueous solutions at neutral pH, aluminum ions are forming hexa-
aqueous complexes of the form [Al(OH2)x(OH)y]+3-y  (Rudolph et al., 2000). At pH 7, the main 
species present are [Al(OH2)4(OH)2]+1, [Al(OH2)3(OH)3]0 and [Al(OH2)2(OH)4]-1 (Bertsch and 
Parker, 1996). We could propose that the positively charged aluminum species act as a bridge 
between the negative solid surface and the negatively charged silicate ions.  Given the similar 
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atomic weights of Si (28 g/mol) and Al (27 g/mol), it is remarkable that these results demonstrate 
that per each atom of aluminum introduced to the system, one atom of silicate is lost from the 
aqueous phase into the solid surface and, moreover, this stoichiometry is pH dependent.  Indeed, 
when the pH is raised to 8, twice as much (2 mg/L as SiO2) aqueous silicate is lost to the solid 
phase after each 1 mg/L Al spike to the system. We could rationalize this observation once again 
assuming the positively charged aqueous aluminum complex is acting as an interface between 
the negatively charged solid lead surface and the aqueous silicate ions. At higher pH, three 
effects take place: the surface of the solid lead bearing phase would become more negatively 
charged (if no total charge saturation has taken place), the coordination sphere around the silicate 
ions might also become more negative, and the speciation of the aqueous aluminum complexes 
changes due to hydroxyl ligand substitution in the inner coordination sphere (Huang et al., 2018), 
resulting in a larger amount of [Al(OH2)2(OH)4]-1 species at the expense of the positively 
charged and neutral aluminum complexes. Hence, the effectiveness of this “interface” effect 
would be very sensitive to aqueous pH levels. 
 
Figure 26: Aqueous silicate concentration variations with time for high available surface area, with cerussite as 
lead solid phase, over 45 days exposure to chlorinated drinking water at pH 8 with increasing aqueous aluminum 




Figure 27: Aqueous silicate concentration variations with time for high available surface area, with cerussite as 
lead solid phase, over 45 days exposure to chlorinated drinking water at pH 7 with increasing aqueous aluminum 
content. Silicate concentration decreases with each dose of 1 mg/L Al. 
 
Figure 28: Aqueous silicate concentration variations with time for high available surface area, with plattnerite as 
lead solid phase, over 45 days exposure to chlorinated drinking water at pH 7 with increasing aqueous aluminum 
content. Silicate concentration decreases with each dose of 1 mg/L Al. 
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4.2.3.2 Analysis of Changes in Solid Phase 
XPS was conducted on the solid phase harvested from Tests Five and Six after 117 days of 
aqueous experimental work. It should be noted that the PbCO3(s)/Al3+(aq)/SiOx(aq) sample was only 
exposed to aluminum for 48 days out of the total 117-day experiment; prior to aluminum 
addition it had an identical makeup to the PbCO3(s)/SiOx(aq) sample. The XPS analysis provided a 
high resolution Pb 4f spectrum (Figure 29), as well as the atomic makeup of the sample surface 
through a survey scan (Table 12). The Pb 4f fittings are shown with solid lines, and the spectra 
envelopes are shown with dotted lines. The high-resolution spectrum shows lead in three phases 
with binding energies centered at 139.8 eV, 138.5 eV and 136.8 eV. Pb metal has been shown to 
have a binding energy between 136.4 – 137 eV, and PbO2 between 136.8 – 137.7 eV (Chang and 
He, 2004; National Institute of Standards and Technology, 2012; Wang and Zheng, 1996), 
however, given the oxidizing environment to which these samples were exposed, it is extremely 
unlikely that this peak is Pb metal. The binding energy of 136.8 eV is likely attributed to PbO2. 
From the 4f fittings, both samples had similar amounts of PbO2 at 4.1 area% for 
PbCO3(s)/Al3+(aq)/SiOx(aq) and 4.9 area% for PbCO3(s)/SiOx(aq). The majority of the phase present 
for both samples is centered around 138.5 eV; PbCO3(s)/Al3+(aq)/SiOx(aq) had 87.5 area% and 
PbCO3(s)/SiOx(aq) had 93.3 area%. As previously discussed, this peak is assigned to lead 
carbonate (National Institute of Standards and Technology, 2012). The presence of aluminum 
may have resulted in additional lead phase transformation; more lead remained as PbCO3 in the 
absence of aluminum. Finally, the third peak at 139.8 eV was difficult to match. 
PbCO3(s)/Al3+(aq)/SiOx(aq) had 8.4 area% and PbCO3(s)/SiOx(aq) had 1.8 area%. Lead is a difficult 
metal to characterize with XPS due to a similar range of binding energies for many compounds. 
It is likely that this peak belongs to a Pb2+ compound as most Pb2+ compounds have a Pb 4f7/2 
binding energy in the range of 138 – 139.5 eV, whereas Pb4+ or Pb0 are in the range of 136.5 – 




Figure 29: High resolution Pb 4f XPS fitting for cerussite exposed to aqueous silicate in chlorinated drinking water 
at pH 8 for 117 days, with and without aqueous aluminum. 
The survey scan results for the above two samples are presented in Table 12. The composition of 
the two samples is similar except for the presence of Si and Al. The sample spiked with aqueous 
aluminum ions (PbCO3(s)/Al3+(aq)/SiOx(aq)) contained 2.2 at% Si whereas the amount of Si in 
control sample (PbCO3(s)/SiOx(aq) no aluminum spiked) was below detection limit. A value of 3.6 
at% Al was also observed in the surface of the PbCO3(s)/Al3+(aq)/SiOx(aq) samples whereas no 
aluminum, as expected, was observed in the control PbCO3(s)/SiOx(aq) sample. The ratios of Si:Pb 
(0.27) obtained are smaller in this experiment compared to that observed on the sample obtained 
after 45-days (Figure 30), likely due to experimental conditions used in the 117 days experiment: 
half the aqueous silicate concentration and a tenfold increase of lead in the solid phase. Although 
the observed surface aluminum content is similar in both cases (3.5 at%, Table 10 – 45 day 
experiment vs 3.6 at%, Table 12 – 117 day experiment), the Si:Al ratios are different. For the 
longer experiment (117 days), the Si:Al ratio in the surface layer is 0.6 (Table 12, Figure 30) 
whereas for the 45-day tests this value is 1.9 (Table 10, Figure 30). These values indicate not 
only that an aluminosilicate phase has formed and precipitated onto the solid but also suggest, 
once again, that once precipitated, Si migrates into the bulk. Indeed, the surface ratio of Si/Al 
obtained at 45 days is almost 4 times larger than that obtained after 117 days. Finally, a larger 
amount of silicon is observed in the PbCO3(s)/Al3+(aq)/SiOx(aq) sample compared to 
66 
 
PbCO3(s)/SiOx(aq), as expected, due to the observed decrease in aqueous silicate concentration in 
the presence of aluminum.  
Table 12: Surface composition of cerussite exposed to aqueous silicate for 117 days in chlorinated drinking water, 
with and without aluminum, obtained by XPS  
 
Atomic % 
Element PbCO3(s)/SiOx(aq) – 117 days PbCO3(s)/ Al3+(aq)/SiOx(aq) – 117 days 
O 1s 44.4 50.9 
Ca 2p 0.9 0.2 
C 1s 41.7 33.8 
Pb 4f 12.8 8.2 
Si 2p Below detection limit 2.2 
Al 2p 0 3.6 
 
 
Figure 30: Comparison of surface ratio for Si:Pb and Si:Al with experiment length, blue line represents total system 
ratio. Higher ratios are observed in shorter-term experiments, indicating silicate migration into the bulk. 
High resolution Si 2p and Al 2p scans were also performed. The Si 2p binding energy was 101.7 
eV for PbCO3(s)/SiOx(aq), and the Al 2p and Si 2p binding energies were 74.4 eV and 102.1 eV, 
respectively, for PbCO3(s)/Al3+(aq)/SiOx(aq) (Appendix B Figures 36 and 37). As previously 
mentioned in this thesis, the binding energy for silicates is typically in the range of 101.6 – 103.8 
eV depending on the presence of other cations, such as Al3+ (Biesinger, n.d.). The Si 2p 
measurements suggest silicates are present in the solid phase for both samples. A study on the 
XPS characteristics of allophane found the Al 2p peak (for an Al/Si ratio 1-2.2) at 74.3 eV 
(Childs et al., 1997). As the Al 2p peak for this sample is located at 74.4 eV, and in light of 
previously reported work (Guo and Herrera, 2018; Li et al., 2020; Wada et al., 1979), the 
presence of allophane in the sample is likely. These results indicate the formation of a high Al:Si 
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ratio allophane forming under drinking water conditions on the lead solid phase upon 
introduction of aluminum ions to the aqueous silicate system. 
Allophane was identified in the solid phase of the 117-day experiments based on XPS (Tables 10 
and 11); Al 2p analysis was also performed on the 45-day samples (Appendix B Figure 38) to 
verify results were consistent. The peaks from the high-resolution Al scan located binding 
energies at 73.8 – 73.95 eV in the absence of silicates. In the presence of silicates, the Al 2p 
peaks are located at 74.1 – 74.2 eV. The presence of silicates appears to change the Al 2p 
binding energy, suggesting the chemical morphology of Al in the solid phase is dependent on 
exposure to aqueous silicates. The binding energy for gibbsite (Al(OH)3) is 73.9 +/- 0.1 eV 
(Biesinger, n.d.). Furthermore, gibbsite has been hypothesized to form in aluminum rich drinking 
water systems (Li et al., 2020; Opiso et al., 2009). Therefore, it is likely that in the absence of 
silicates, gibbsite forms on the lead surface. Allophane exhibits an Al 2p peak (Al/Si ratio 1-2.2) 
at 74.3 eV (Childs et al., 1997). Assuming the assignments in these previous works are correct, 
we can hypothesize that gibbsite is present in the silicate-free samples, while in the presence of 
silicates, allophane is the main phase. 
The results from previous characterizations performed with the 45-day experiments were 
analyzed for any indication of presence of allophane or other aluminum-bearing phase in the 
solid. Based on the Al 2p XPS feature attributed to allophane in the solid phase of the 
PbCO3(s)/Al3+(aq)/SiOx(aq) – 45 day sample, it is expected that the chemical state of the precipitate 
visible by SEM in Figure 10 is allophane. In terms of IR spectroscopy (Figures 16 and 17), there 
were no peaks indicating any presence of aluminum in the solid phase for PbCO3(s)/Al3+(aq). In a 
Raman spectrum, Al-OH and Al-O-Al peaks appear between 970 – 940 cm-1 and an aluminum 
hydroxide mineral species such as bayerite or gibbsite would appear with peaks in the 3600 – 
3400 cm-1 range (Phambu, 2003). UV-Vis cannot identify allophane with lead carbonate as the 
solid phase as the dominant peak occurs at 270 nm, which is in the same region as cerussite and 
hydrocerussite (Figure 15) (Guo and Herrera, 2018). Allophane is amorphous and would not be 
expected to show through XRD (Figure 18). This is consistent with the expected amorphism of 
the aluminosilicate phase in harvested corrosion scale (Li et al., 2020).  
The EDX results in Table 9 do present additional information regarding the state of aluminum in 
the solid. The Si:Al ratio for PbCO3(s)/Al3+(aq)/SiOx(aq) – 45 day is 1.9. The results also indicate a 
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high amount of Al in the PbCO3(s)/Al3+(aq) – 45 day sample (1.7 at%) compared to the 
PbCO3(s)/Al3+(aq)/SiOx(aq) – 45 day sample (0.41 at%). Both samples were in aqueous phase at pH 
8 with 2 mg/L Al3+ but the bulk atomic percentage of Al in the solid phase is over four times 
higher in the absence of silicates. This could be due to aluminum precipitating out of solution 
as an aluminum hydroxide, similar to what was observed with decreasing aqueous aluminum 
concentrations by Li and collaborators. They did not detect any Al-containing crystalline solids 
by XRD or visually observe anything on the lead surface by SEM. They did not conduct XPS or 
EDX measurements on their samples but from the reported decrease in aqueous concentrations 
of Al they inferred a significant amount of aluminum lost from the aqueous into the solid phase. 
This did not, however, impact dissolved lead concentrations. Furthermore, they observed less 
uptake of aluminum by the solid lead phase in the presence of orthophosphate, similar to what 
was observed in our experiments in the presence of silicate (Li et al., 2020). 
The XPS results in Table 10 and 11 also present information regarding aluminum and the 
formation of an aluminosilicate phase on the sample surfaces. XPS showed more aluminum in 
PbCO3(s)/Al3+(aq)/SiOx(aq) – 45 day (3.5 at%) than PbCO3(s)/Al3+(aq) – 45 day (0.8 at%). The same 
trend was observed with the minium samples from Test Four; significantly more Al is present in 
the sample exposed to aqueous silicates. The Si:Al ratio however stayed similar to that observed 
in the bulk phase (EDX) and matched hypothesized values based on the precipitation 2:1 ratio of 
Si:Al from aqueous phase. This strongly suggests the formation of allophane with a ratio of 
approximately 2-2.5 which is well within the ratio theorized for a drinking water matrix and 
further confirms that the precipitate extends into the bulk phase with a similar atomic ratio of 
Si:Al.  
4.3 Proposed model for the role of Si and Al on lead dissolution. 
All observations and discussion described above can be incorporated into a simple model that 
describes the role of silicates and aluminum ions with the interaction of solid lead and the 
aqueous phase. This model is shown in Figure 31. In the presence of free chlorine, Pb2+ is 
oxidized to Pb4+, and OCl- is reduced to Cl-. In the presence of the chlorine residual, the 
dominant form of lead in the solid phase will eventually become Pb4+, and lower dissolved lead 
levels will be observed. When silicates are present, the redox reaction between the lead carbonate 
phase and chlorine does not take place and Pb2+ remains the dominant lead phase in the solid. 
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Silicates inhibit the oxidation of lead, and higher dissolved lead levels are observed as lead levels 
are now controlled by the highly soluble lead carbonate phase. When aluminum ions are present 
in aqueous phase along with silicates, lead oxidation remains inhibited and an aluminosilicate 
passivation layer forms on the lead surface extending into the bulk phase.  Again, higher 
dissolved lead levels are observed when the dominant lead phase is a Pb2+ carbonate. 
 
Figure 31: Graphical depiction of thesis results. In absence of silicates, lead carbonate is oxidized to less soluble 
PbO2. In the presence of silicates, the oxidation is inhibited, and dominant lead phase remains as lead carbonate. In 
the presence of silicates and aluminum, the oxidation is inhibited and allophane forms on the lead surface extending 
into the bulk. 
4.4 Environmental Implications 
The environmental implications of these results are significant and reinforce the importance of 
developing a thorough fundamental understanding of the various corrosion control strategies to 
mitigate lead dissolution in drinking water systems. Our results indicate that the presence of 
aqueous silicates inhibited oxidation of lead carbonate by free chlorine, resulting in higher 
amounts of more soluble Pb2+ in the solid phase. Since the silicate is interfering in the interaction 
of the lead carbonate phase with the chlorine in the aqueous phase, the transformation of 
cerussite/hydrocerussite into less soluble PbO2 bearing phases will significantly slow down, and 
hence could result in serious consequences for municipalities considering the use of silicates as a 
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corrosion inhibitor where the lead bearing plumbing is rich in lead carbonates. Similar results 
were observed in a recent pipe-loop study with a scale rich in carbonates; Aghasadeghi and 
collaborators observed higher aqueous lead levels in the presence of sodium silicates compared 
to treatment by orthophosphate or pH adjustment alone (Aghasadeghi et al., 2021). On the other 
hand, the effect of silicates in PbO2 dissolution needs to be explored. It is well established now 
that under certain conditions passivation of lead scale by chlorine ensures that dissolved lead 
levels remain below action levels. In any case, the results of this work suggest that silicates 
should not be used as a corrosion inhibitor in water systems that have higher amounts of Pb2+ 
solids in the corrosion scale or where the interaction of chlorine residual is solely responsible for 
passivation of lead bearing plumbing. Silicates should investigated further for systems that have 
maintained a high chlorine residual and have plattnerite as the main lead phase in the corrosion 
scale. Further long-term studies are required to investigate whether the aluminosilicate solids 





5 Conclusions and Future Work 
5.1 Conclusions 
Silicates have been identified as a corrosion control option for lead, however, additional research 
is required to develop an understanding of how silicates work and might best be implemented to 
achieve lower dissolved lead levels in drinking water distribution systems. The mechanisms 
governing the interaction of silicates with lead and other metals found in DWDS have not been 
studied in detail, are not well understood, and the complex aqueous chemistry of silicates 
exacerbates this knowledge gap. Though several studies have investigated the use of silicates 
with lead service lines in terms of conditioning requirements and dosages to achieve levels below 
MACs, few have focused on understanding the chemical processes behind their effectiveness or 
lack thereof. Many studies have identified the presence of aluminosilicates in harvested 
corrosion scale from LSLs and hypothesized the formation of a passivation layer, however to our 
knowledge, no work has been able to show the formation of this layer in a simulated drinking 
water environment, nor how it interacts with lead and water. 
In this thesis, silicates were studied under representative drinking water conditions. It was found 
that the presence of silicates inhibited oxidation of lead carbonates by free chlorine. As a result, 
the dominant lead phase remained Pb2+ and dissolved lead levels increased. In the absence of 
silicates, lead carbonates were oxidized into less soluble lead oxides and as a result, batch 
reactors experienced lower dissolved lead levels. Aqueous samples were analyzed for free 
chlorine, alkalinity, silica, and dissolved lead throughout each experiment. Solid phase 
characterization was performed following harvesting and drying of lead precipitate; 
spectroscopic and microscopic techniques including UV-Vis, FTIR, Raman, XPS, XRD and 
SEM-EDX were used to identify elements and oxidation states in the solid phase. The presence 
of Pb4+ oxides was found in larger quantities in the absence of silicates compared to samples 
which had been exposed to aqueous silicates. From previous works, it is known that it is 
preferable to have PbO2 in a lead pipe corrosion scale as plattnerite is insoluble in a drinking 
water matrix and leads to lower dissolved lead levels. Environmental implications are 
significant; silicates should not be used to treat water in which the expected main phase of the 
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corrosion scale is Pb2+, such as water systems that have previously or currently use 
monochloramine as a secondary disinfectant. We expect use of silicates under these conditions 
will result in elevated lead dissolution and subsequent human exposure.  
Further experiments were completed to determine the role of aluminum in silicate precipitation 
and resultant formation of an aluminosilicate layer on the lead solid phase. Aluminosilicates have 
been identified as a major corrosion scale component, however the underlying mechanisms of 
formation remained relatively unknown. Through our experimental work, we found silicates 
precipitate out of aqueous solution in the presence of aluminum and accumulate as an 
aluminosilicate on the solid phase. Silicates do not precipitate or form a passivation layer in the 
absence of aluminum. The aluminosilicate precipitate was identifiable through spectroscopic and 
microscopic techniques including Raman, XPS and SEM-EDX. At 200 nm scale, it was possible 
to observe the deposits on the lead surface. EDX confirmed the aluminosilicate extends into the 
bulk phase and is not solely a surface phenomenon. This work confirmed that an aluminosilicate 
passivation layer will form on the solid phase in the presence of aqueous aluminum and silicate. 
In the short term, presence of aluminum and silicates in the aqueous phase resulted in increased 
dissolved lead levels due to inhibition of Pb2+ oxidation. The degree to which this layer protects 
against lead dissolution over the long term remains undetermined. 
5.2 Future Work 
In this thesis, we found that the oxidation of lead carbonates is inhibited by the presence of 
silicates, resulting in lead remaining primarily in the +2 oxidation state. However, our 
experiments were completed in the range of 45 – 120 days. It is recommended to conduct long 
term studies with lead carbonates as the solid phase and treatment with both aluminum and 
silicates to determine the effect on dissolved lead levels over time as a passivation layer develops 
more fully on the lead surface. Moreover, we recommend testing this passivation layer in both 
free chlorine and monochloramine treated systems as we hypothesize use of silicates will 
increase dissolved lead for monochloramine treated water systems in which the dominant lead 
phase is Pb2+. We further recommend long term experiments using PbO2 as the lead solid phase 
to determine how dissolved lead levels would be affected should an aluminosilicate passivation 
layer form on the plattnerite surface. Specifically, this would answer questions such as: would 
plattnerite undergo a reverse redox reaction if the passivation layer prevents lead from remaining 
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in the Pb4+ state due to chlorine oxidation, or would dissolved lead levels decrease with time and 
continual build up of the passivation layer? 
Furthermore, we suggest conducting experiments using harvested corrosion scale for 
aluminosilicate passivation layer experiments, rather than pure phase lead compounds that have 
been identified as major phases in corrosion scale. Actual corrosion scales contain many 
compounds and have a complex chemistry that could alter formation of the aluminosilicate layer 
or react differently in the presence of chlorine. 
Finally, we recommend experiments using lower aqueous aluminum levels; we used the MAC in 
order to make it easier to detect the precipitate on the lead surface however most drinking waters 
contains 10 – 20 times less aqueous phase aluminum. Experiments should be conducted to 
determine how long would it take the layer to form under these conditions, how effective it is at 
controlling lead release (if at all), and how a higher aqueous ratio of Si:Al ratio impacts layer 
formation. These questions need to be answered in order to fully understand the use of silicates 
as corrosion inhibitors in municipal DWDS, as well as the overall effectiveness of long-term 
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Appendix A: pH Levels 
 
Figure 32: pH levels over time for cerussite system exposed to chlorinated drinking water with and without silicates 
over 45 days (test two) 
 
Figure 33: pH levels over time for minium system exposed to chlorinated drinking water with and without silicates 
over 45 days (test four) 
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Appendix B: Si 2p and Al 2p XPS Fittings 
 
Figure 34: High resolution Si 2p XPS fitting for PbCO3(s)/Al3+(aq)/SiOx(aq) following 45 days exposure to chlorinated 
drinking water, indicating Si phase present is silicate. 
 
Figure 35: High resolution Si 2p fitting for silicate-treated minium samples following 45 days exposure to 
chlorinated drinking water. Results indicate Si phase present is silicate and more Si is present when the solid phase 




Figure 36: High resolution Si 2p fitting for silicate-treated cerussite samples following 117 days exposure to 
chlorinated drinking water. Results indicate Si phase present is silicate and significantly more Si is present when the 
solid phase is also exposed to aqueous aluminum 
 
 
Figure 37: High resolution Al 2p XPS fitting following 117-day exposure to chlorinated drinking water with 




Figure 38: High Resolution Al 2p XPS fitting for all 45-day samples exposed to aqueous aluminum. Peak location in 
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